Isolation, Characterization and Application of Calcite Producing Bacteria from Urea Rich Soils by Alhour, Mohammed T.
Islamic University - Gaza
Deanship of Graduate Studies
Biotechnology Master Program
Isolation, Characterization and Application of
Calcite Producing Bacteria from Urea Rich
Soils













Isolation, Characterization and Application
of Calcite Producing Bacteria from Urea Rich
Soils
II




Isolation, Characterization and Application




I hereby declare that this submission is my own work and
that, to the best of my knowledge and belief, it contains
no material previously published or written by another
person nor material which to a substantial extent has
been accepted for the award of any other degree of
university of other institute, except where due
acknowledgement has been made in the text.
Name                                     Signature                               Date
Mohammed T. Alhour
Copy Rights
All rights reserved © 2013: No part of this work can be copied, translated or




This work is dedicated to my father and my mother for
their great help and support since my childhood. Many
thanks must go to my brothers and sisters as well as all
my instructors who have supported me in this job.
Moreover, I will never forget all my friends who have
exerted much effort to help me.
This work is also dedicated to the Palestinian people




I would like to express my gratitude's to my supervisor Dr.
Abdelraouf A. Elmanama for his helpful and necessary
advice. His suggestions are deeply appreciated and always
welcomed. Special thanks go to my brother and my friend
Ahmed Abu Taha for his help and support.
Many thanks go to all the staff at the department of the
biological sciences and Materials and soil lab at the Islamic
University- Gaza for their support and help, especially Dr.
Mohammed Abu Awda and Ismail Goga for their sincere
help in completing this work.
Last but not least, I want to thank my beloved father and
mother for their deep love, trust and support. Many thanks




Isolation, Characterization and Application of Calcite
Producing Bacteria from Urea Rich Soils
Background
The hydrolysis of urea by the enzyme urease is unique in that it is one of the few
biologically occurring reactions that can generate carbonates. Calcium carbonate is
one of the most common minerals widespread on earth (4% by weight of the earth's
crust). Bacteria are incredibly diverse and abundant and many bacterial species
contribute to the precipitation of mineral carbonates in various natural environments.
Alkaline pH is the primary means by which microbes promote calcite precipitation
which results from the hydrolysis of urea.
Materials and methods
The study used selective enrichment culture technique to isolate urease-producing
bacteria from local urea rich soil and others materials. Isolates were subjected to
increasing urea concentrations. All isolates were identified using conventional
biochemical tests. In addition, all isolates were tested for their ability to enhance the
consolidation of sand and compressive strength of mortar as well as absorption
reduction properties. One strain with promising results was selected and the
environmental and nutritional conditions were characterized. The growth curve of the
selected strain with optimized condition was investigated.
Results
Thirty three isolates were obtained from the enrichment culture technique. Among
them 13 isolates showed increased consolidation of sand. An isolate designated TN
1B showed the highest performance which was identified as Bacillus mycoides. The
optimum pH of the isolate was shown to be 7.0 and an optimum temperature of 35 oC
was found. There were no significant differences in the growth promoting properties
among the tested media, therefore, the cheapest formulation (rabbit feed) was selected
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for subsequent experiments. The growth curve was constructed with a stationary
phase starting after 10 hours. The test results indicated that inclusion of Bacillus
mycoides isolate in cement mortar enhanced the compressive strength, with a
maximum increase of 17% in compressive strength and 32% reduction in water
absorption was observed with a 28-day mortar sample. This improvement in
compressive strength may be due to deposition of calcite on the bacteria cell surfaces
within the pores.
Conclusion
Locally isolated strain identified as Bacillus mycoides was obtained from urea rich
soil and the growth conditions were partially optimized. The use of the selected
isolate showed enhanced properties of the cement mortar. It is recommended that
further investigation to utilize this isolate in several applications be performed.




عزل, تعریف واستخدام بكتیریا منتجة للكالسیت من تربة غنیة 
بالیوریا
الخلفیة
حد التفاعالت الحیویة أتشكلانھأحیث امن نوعھةفریدظاھرةالتحلل المائي للیوریا من قبل انزیم الیوریاز 
تعتبر كربونات الكالسیوم واحدة من أكثر المواد الكربونات.تكوینوینتج عنھابصورة طبیعیةالقلیلة التي تحدث
% من وزن القشرة األرضیة).4شیوعاً على كوكب األرض (تمثل 
لعدید من األنواع البكتیریة تساھم في ترسیب الكربونات المعدنیة في تنوع البكتیریا ھائل وتتواجد بشكل كبیر وا
العامل الرئیسي من قبل المیكروبات لحدوث ترسیب ةالقاعدیالبیئةتشكیل یعتبرالبیئات الطبیعیة المختلفة. 
كربونات الكالسیوم والتي تنتج من تحلل الیوریا.
المواد و الطرائق
الغني لعزل البكتیریا المنتجة للیوریاز من تربة محلیة غنیة بالیوریا اإلثرائيوسط استخدمت ھذه الدراسة تقنیة ال
جمیع العزالت تم التعرف علىالعزالت البكتیریة لتراكیز متزایدة من الیوریا.عرضت خرى. أومن مواد 
على زیادة قدرتھالدراسةتم فحص كل العزالت ذلكإلىضافةباإلباستخدام الفحوصات البیوكیمیائیة التقلیدیة. 
ساللة واحدة تم اختیار سمنت, إضافةً لقدرتھا الحد من خصائص امتصاص الماء. تصلب الرمل وقوة تحمل اإل
تم دراسة منحنى النمو للبكتیریا المختارة مع و, ذات نتائج واعدة وتم ضبط الظروف البیئیة والغذائیة المثلى لھا
المثلى.فالظرو
النتائج
عزلة أظھرت زیادة في تصلب الرمل. 13من تقنیة الوسط االنتقائي الغني,  بینھم عزلة33ىتم الحصول عل
باسلس مایكویدز. كانت بي) األداء األقوى والتي تم تعریفھا على انھا 1أظھرت العزلة المحددة برقم (تي ان 
ال یوجد فروق سیلي زیوس.ةدرج35كانت درجة الحرارة المثلى و7درجة الحموضة المثلى للعزلة المختارة 
الوسط الغذائي فقد تم اختیارذات داللة في الخصائص المدعمة للنمو بین األوساط الغذائیة المفحوصة, ومن ثم
أظھرت نتائج منحنى النمو بأن مرحلة الثبات تبدأ بعد . الالحقةاألرانب) كوسط إلجراء التجارب علفاألرخص (
ساعات من بدء العملیة 10
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% 17الى االسمنت زادت من تحمل االسمنت الى باسلس مایكویدزأظھرت نتائج الفحوصات بأن اضافة العزلة 
یوم من التصنیع. ربما یعزى التحسن في خواص 28% بعد 32بحد أقصى وقللت امتصاص الماء بما یعادل 
لى ترسیب كاربونات الكالسیوم حول الخالیا في المسامات االسمنتیة.إاالسمنت 
االستنتاجات
ظروف تم ضبط الساللة المعزولة محلیاً والمعرفة بباسیلس مایكویدز من تربة غنیة بالیوریا وتم الحصول على 
من المستحسن لذا استخدام العزلة المختارة زیادة في خصائص القوالب االسمنتیة. أظھر. جزئينموھا بشكل
.ذات العالقةذه العزلة في العدید من التطبیقاتوالفحوصات لالستفادة من ھالبحوثاجراء المزید من 
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Bacteria are primary agents of geochemical change due to their high surface area to
volume ratio, widespread and abundant distribution, evolutionary adaptiveness, and
incredible diverse enzymatic and nutritional possibilities (Warren and Haack,
2001). Carbonaceous minerals are commonly found in oceans, soils and geological
formations, and as such, represent a significant fraction of the global carbon pool
(Hammes, 2003).
Though mineral carbonates have a rather low turnover rate, they are regarded as
amongst the most reactive minerals on earth, and as such are constantly involved in
the processes of dissolution and precipitation, thereby fulfilling a dynamic
component of the global carbon cycle. More than sixty carbonate minerals are




Calcium carbonate (CaCO3) is one of the most common minerals widespread on
earth, constituting 4% by weight of the earth's crust. It is naturally found in extensive
sedimentary rock masses, as limestone, marble and calcareous sandstone in marine,
freshwater and terrestrial environment (Ehrlich, 1998; Castanier et al., 1999;
Hammes and Verstraete, 2002).
Bacteria from various natural habitats have frequently been reported to precipitate
calcium carbonate both in natural and in laboratory conditions. Different types of
bacteria, as well as abiotic factors (salinity and composition of the medium) seem to
contribute in a variety of ways to calcium carbonate precipitation in a wide range of
environments (Dhami et al., 2012).
2
Numerous different bacterial species have previously been detected and assumed to
be associated with natural carbonate precipitates from diverse environments. The
primary role of bacteria in the precipitation process has subsequently been ascribed
to their ability to create an alkaline environment (high pH) through various
physiological activities (Douglas & Beveridge, 1998; Ehrlich, 1998; Castanier et
al., 1999; Castanier et al., 2000; Fujita et al., 2000).
The rate of microbiological CaCO3 precipitation correlated with cell growth and
microbial rate of precipitation was significantly faster than that of chemical
precipitation (Stocks-Fischer et al., 1999).
MCP (Microbial Calcite Precipitation) by urea hydrolysis has been a topical subject
of research in recent year. Enabled by interdisciplinary research at the confluence of
microbiology, geochemistry and civil engineering (Cheng and Cord-Ruwisch,
2012). Three main existing groups of organisms that can induce MCP through their
metabolic processes are; (i) photosynthetic organisms such as cyanobacteria and
algae that remove CO2, (ii) sulphate reducing bacteria that are responsible for the
dissimilatory reduction of sulphate and (iii) several organisms that are involved in
the nitrogen cycle (Castanier et al., 1999; Hammes and Verstraete, 2002;
Ariyanti et al., 2012 ). The most common form of MCP in aquatic environment is
caused by photosynthetic organisms (McConnaughey and Whelan, 1997). Calcite
can also be precipitated by heterotrophic organisms, by the production of carbonate
or bicarbonate and modification of the environment to favor precipitation (Castanier
et al., 1999).
Many organisms can use urea as a source of nitrogen by importing urea into the cell
cytoplasm. One of the most robust ureolytic bacteria is Sporosarcina pasteurii
(formerly known as Bacillus pasteurii). S. pasteurii is an aerobic, spore forming, rod
shaped bacterium. It uses urea as an energy source and produce ammonia which
increases the pH in the environment and generate carbonate, causing Ca2+ and CO3
2-
to be precipitated as CaCO3 (Kroll, 1990; Stocks-Fischer et al., 1999; Chahal et
al., 2011).
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Bacterial CaCO3 formation as result of urea hydrolysis is known as bacterial calcite
precipitation (BCP). There are many potential applications of BCP in civil
engineering such as enhancing stability of slopes and dams, reducing the liquefaction
potential of soil, road construction, prevention of soil erosion, and reparation of the
cracks in concrete. The formation of aquaculture ponds or reservoirs in sandy soil is
a new application of biocementation, which has not been studied (Stabnikov et al.,
2011). BCP is highly desirable because it is natural and pollutant free. There are
several applications for BCP, most of which considered for purpose other than
strength development. Some of these applications are: (1) Removal of contaminants
(e.g. radio-active pollutant); (2) Removal of calcium ions from wastewaters; (3)
Protection and restoration of limestone monuments and statuary; (4) Creation of
sacrificial patines on limestone and production mortars or cement; and (5) plugging
the pores of the oil-recover reservoir rock (Al-Thawedi, 2008; Al-Thawedi, 2011).
1.2 Aim of Study
1.2.1 Main objective
The aim of this study is to isolate and characterize strains of urease-producing
bacteria that are capable of calcite precipitation.
1.2.2 Specific objectives
1) To isolate urease producing strains from urea rich soil.
2) Screen and select high urease producer strain.
3) Optomization of nutritional and environmental factors of the growth of the
selected strain.
4) Investigate the effect of the selected strain on enhancing the strength of
mortar and decreasing permeability.
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1.3 Significance of the study
Using natural resources in the best way possible is a wise approach. This study
would explore the possibility of utilizing local bacterial isolate in strengthening
cement and in an endless possible other uses (dust suppression, against soil erosion,
etc.). The advantage of using local strain is that it is usually acclimatized to local
conditions. Data generated from this study may aid the construction industry which is
suffering from closures and siege. In addition, it would pave the way for a new
frontier with a wide range of possible applications. Urease producing bacteria are
used to produce urease enzyme that is clinically useful. May be of great importance
is their use in soil stabilization in sand areas.
1.4 Limitation of the study
 The use of the computerized bioreactor for growth and environmental factor
optimization was not possible, because of technical difficulties.
 Permeability test technique was not used and only absorption tests were used
instead.





Microbes (or microorganisms) include bacteria, fungi, protozoa, micro algae, and
viruses. Microbes live in familiar settings such as soil, water, food, and animal
intestines, as well as in more extreme settings such as rocks, glaciers, hot springs,
and deep-sea vents. The wide variety of microbial habitats reflects an enormous
diversity of biochemical and metabolic traits that have arisen by genetic variation
and natural selection in microbial populations (Singh and Kapoor, 2010).
Microbial biotechnology, enabled by genome studies, will lead to development of
new industrial catalysts and fermentation organisms, and development of new
microbial agents for bioremediation of soil and water contaminated by agricultural
runoff. Microbial genomics and microbial biotechnology research is critical for
advances in food safety, food security, value-added products, human nutrition and
functional foods, plant and animal protection, and furthering fundamental research in
the agricultural sciences (Singh and Kapoor, 2010).
Numerous diverse bacterial species participate in the precipitation of mineral
carbonates in various natural environments, including soils, geological formations,
freshwater biofilms, oceans and saline lakes. Recently, microbial mineral
precipitation resulting from metabolic activities of some specific microorganisms in
concrete to improve the overall behavior of concrete has become an important area of
research. The use of this biomineralogy concept leads to the potential invention of a
new material. Bacterial concrete, an inherent and self-repairing biomaterial that can
remediate the cracks and fissures in concrete. Though concrete is quite strong
mechanically, it suffers from several drawbacks, such as low tensile strength,
permeability to liquid and consequent corrosion of reinforcement, susceptibility to
chemical attack and low durability (Ghosh and Mandal, 2006).
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2.2 Biocementation
2.2.1 Definition of microbiologically induced calcium carbonate precipitation
(MICP)
In the biosphere, bacteria can act as geo-chemical agents, resulting in the
concentration of materials. This induces the formation of special minerals, which
constitute an area of research of growing interest known as biomineralization (Ghosh
and Mandal, 2006).
Biomineralization is the science of precipitation of minerals by living organisms.
Both eukaryotic and prokaryotic organisms deposit minerals (Henriques, 2011).
Some examples:
(i) Eukaryotic organisms: like plants that produce cystolith inclusion in leaves and
animals that form bones, teeth and shells.
(ii) Prokaryotic organisms like bacteria they have the remarkable ability to
precipitate minerals such as calcites, carbonates, phosphates, oxides, sulphides,
silicates, silver and gold.
Biocement is a product innovation from developing bioprocess technology called
biocementation. Biocement refers to a CaCO3 deposit that formed due to
microorganism activity in the system rich of calcium ion (Ariyanti et al., 2012).
In MICP, the mineral calcium carbonate is precipitated by the microorganisms
(Henriques, 2011). Biocementation or biogrout is a sand consolidation technology,
in which carbonate released from microbial urea hydrolysis precipitates with an
excess of calcium ions to form in situ calcite (CaCO3) precipitation (Al-Thawadi,
2008).
Another definition of biocementation is suggested by Ivanov and Chu, (2008) and
Ariyanti et al., (2012) that is the generation of particle-binding materials through
microbial processes in situ so that the shear strength of soil can be increased and by
Stabnikov et al., (2011) that is biocementation is an innovative technology based
mainly on application of urease-producing microorganisms together with urea and
calcium ions in a permeable soil.
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2.2.2 Microorganisms suitable for soil bioclogging and biocementation
Different possible microbial processes that can lead potentially to biocementation are
summarized in table 2.1. These include binding of the soil particles with sulphides of
metals produced by sulphate reducing bacteria; binding of the particles with
carbonates of metals produced due to hydrolysis of urea; and binding of the particles
with ferrous and ferric salts and hydroxides, produced due to activity of iron-
reducing bacteria (Ivanov and Chu, 2008; Chahal et al., 2011; Okwadha and Li,
2011; Annamalai et al., 2012).
Table (2.1): Possible microbial processes that can lead potentially to biocementation.
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release of CO2



























The group of chemotrophic prokaryotes is most suitable for the soil bioclogging and
biocementation because of their smallest cell size, typically from 0.5 to 2 µm, ability
to grow inside soil, and big physiological diversity.
Selection of the groups of chemotrophic bacteria for bioclogging and biocementation
using modern phylogenetic classification of prokaryotes is impossible because it is
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based mainly on the comparisons of the gene of 16S rRNA (Garrity, 2001; Garrity
et al., 2005). This classification has weak connection with physiological grouping of
chemotrophic prokaryotes and cannot be used as a practical tool in the ecological
design of bioclogging or biocementation. Physiological classification of
chemotrophic prokaryotes, originally proposed by the authors as shown in Table 2.2
can be used in ecological design of bioclogging and biocementation (Ivanov and
Chu, 2008).
Ecology of origin Relation to oxygen and type of energy generation
Anaerobic                  Anaerobic                    Facultative anaerobic and               Aerobic
fermenting                 respirating                   microaerophilic prokaryotes         respirating













































Archaea could be excluded from the consideration of being used as bioagents for soil
bioclogging and biocemenetation, because all of them are living in extreme
environments that are not compatible with the majority of the construction or land
reclamation site conditions. Anaerobic fermenting bacteria may be involved in
cementation of soil particles under the presence of calcium, magnesium, or ferrous
ions. This cementation can be due to the increase in pH caused by ammonification
(release of ammonia) and carbon dioxide production in soil added with urea or waste
protein (Castanier et al., 1999; Stocks-Fischer et al., 1999; Bachmeier et al., 2002;
Hammes and Verstraete, 2002; Kucharski et al., 2005).
Table (2.2): Physiological classification of chemotrophic prokaryotes for the
screening of the physiological groups suitable for soil bioclogging and
biocementation. (source: Ivanov and Chu, 2008)
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Anaerobic bacteria cannot clog soil pores by the synthesis of extracellular polymers
because they are not able to produce big quantity of slime due to their low efficiency
of biological energy production in fermentation (Atmaca et al., 1996). Organic
acids, hydrogen, and alcohols, which are produced by anaerobic fermenting bacteria
from polysaccharides and monosaccharide's, can be used as donors of electrons by
anaerobic respiring bacteria. One example is the group of iron-reducing bacteria,
which are using products of fermentation as electron donors to produce dissolved
Fe(II) ions by reduction of insoluble Fe(III) compounds (Lovley et al., 2004; Weber
et al., 2006). Microbial reduction of Fe(III) is used in environmental biotechnology
for treatment of groundwater and wastewater  and could be used hypothetically for
soil cementation (Fredrickson and Gorby, 1996; Ivanov et al., 2004; Ivanov et al.,
2005; Stabnikov and Ivanov, 2006).
Another example of anaerobic respiring bacteria, which could be used in bioclogging
and biocementation, is sulphate-reducing bacteria. These bacteria produce
dihydrogen sulphide using organic acids, hydrogen, or alcohols as electron donors
and sulphate as electron acceptor. Sulphide reacts with iron and other metal cations
to form insoluble suphides of metals, which clogs the soil pores and binds the soil
particles. However, the soil compaction created by the formation of sulphides is
unstable because they can be chemically or biologically oxidized to sulphuric acid or
sulphates under aerobic conditions (Ivanov and Chu, 2008).
Denitrification process, which is bioreduction of nitrate (NO3
-) and nitrite (NO2
-) to
nitrogen gas, is not applicable to the soil bioclogging or biocementation, because
bacteria produce big volume of nitrogen gas during denitrification and the cost of
nitrate as electron acceptor is not affordable for large-scale construction and land
reclamation projects. Facultative anaerobic bacteria could be considered as the most
suitable bioagents for soil bioclogging and biocementation because many species are
able to produce big quantity of exopolysaccharides, which usually promote formation
of cell aggregates, and can grow under either aerobic or anaerobic conditions. Last
property of facultative anaerobic bacteria is most essential for biotreatment of soil in
situ where supply of oxygen is limited by the soil porosity and both aerobic and
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anaerobic microzones co-exist in soil. There are, for example, bacteria from genera
Alcaligenes, Enterobacter, Staphylococcus, Streptococcus, Rhodococcus,
corynebacteria (Gordonia, Nocardioides), gliding bacteria (Myxococcus, Flexibacter,
Cytophaga) and oligotrophic bacteria (Caulobacter) ) (Wingender et al., 1999;
Jones et al., 2004; Ivanov and Tay, 2006).
Microaerophilic bacteria could be used for the biobinding of soil particles because
many strains of microaerophilic bacteria are combined in filaments (Beccari and
Ramadori, 1996; Seviour and Blackall, 2007) or joined by sheathes (Mulder and
Deinema, 1992) and these filamentous structures can also bind the soil particles. The
filamentous bacteria from the genera Beggiatoa, Haliscomenobacter, Microthrix,
Nocardia, Sphaerotilus, and Thiothrix are common in aerobic tanks of wastewater
treatment plants (Beccari and Ramadori, 1996; Seviour and Blackall, 2007) and
can be probably used for biobinding of soil particles.
Aerobic bacteria could be suitable for soil bioclogging, biocementation, and
biobinding of soil particles because many species are able to produce big quantity of
slime, form chains and filaments, increase pH, and oxidize different organic and
inorganic substances. Cells of many Actinomycetes, a group of Gram-positive
bacteria, typical soil inhabitants, form particles-binding mycelium and produce
particles binding slime in soil (Wu et al., 1997; Jones et al., 2004; Dworkin et al.,
2006). These bacteria are most prospective for the aerobic soil bioclogging,
biocementation, and biobinding. The examples of direct involvement of both
facultative anaerobic and aerobic bacteria may be the cementation of soil particles
under presence of calcium, magnesium, or ferrous ions due to increase of pH caused
by ammonification and carbon dioxide production in soil with added urea
(Kucharski et al., 2005). The insoluble carbonates and hydroxides of metals are
precipitating at high pH thus binding the soil particles and clogging the soil pores.
The use of anaerobic bacteria can be complicated by the presence of oxygen in the
upper layer of soil and sensitivity of anaerobic bacteria to oxygen. Alternatively, if
aerobic bacteria are used for soil clogging or cementation, a major technological
problem is the air supply into soil. If the rate of oxygen supply into soil by aeration
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and diffusion is not sufficient, there will be formation of anaerobic layer or zones,
where aerobic bacteria will not be active. Therefore, from the technological and
biological points of view, the most suitable physiological groups for the soil
bioclogging and biocementation in situ are facultative anaerobic bacteria, which are
active under both aerobic and anaerobic conditions. Depending on the site conditions
of a real soil treatment project, a technique to alter the anaerobic and aerobic
conditions in situ can be implemented to ensure the sequence of anaerobic and
aerobic biogeochemical processes and facilitate soil bioclogging or biocementation.
Another assumption from the general consideration of physiological diversity of
prokaryotes is that the most suitable bacteria for soil bioclogging or biocementation
are bacteria with Gram-positive type of cell wall because these bacteria are most
resistant to the changes of osmotic pressure, which is the typical condition for soil on
construction or reclamation sites. Another important aspect in the screening of
microorganisms suitable for soil bioclogging and biocementation is biosafety. To
diminish the risk of pathogenic bacteria accumulation and release during bioclogging
and biocementation, the following selective conditions can be used:
i. An application of carbon sources, which are used in nature by saprophytic
microorganisms, such as cellulose, cellulose-containing agricultural waste,
vegetable-processing waste, molasses;
ii. The conditions that are suitable for the growth of autolithotrophic bacteria.
Carbon dioxide is used as a carbon source and inorganic substances (NH4
+,
Fe2+, S) are used as electron donor;
iii. The conditions that are suitable for application of bacteria able for anaerobic
respiration with SO42- or Fe3+ as electron acceptors;
iv. An application of solution with low concentration of carbon source for
preferable growth of oligotrophic microorganisms in soil.
The problem of biosafety can be solved also by the selection of safe bacterial strain.
The biomass of this safe strain can be produced in bioreactor and used as a starter
culture for bioclogging or biocementation. There are known similar applications of
starter cultures to start up the large-scale non aseptic environmental processes for
faster start-up and increased biosafety (Ivanov and Chu, 2008).
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Phototrophic prokaryotes, mainly cyanobacteria, grow on soil surface only because
light penetrates only a few millimeters into soil. These bacteria can produce rigid
crust on surface of soil or sediment, which diminishes soil infiltration rate and
improves slope stability. Cyanobacteria can also create millimeter-scale laminated
carbonate build-ups called stromatolites, which are formed in shallow marine
environment, due to the sequence of sedimentation, growth of biofilm, production of
a layer of exopolymers, and lithification of sediments by the precipitation of
microcrystalline carbonate (Reid et al., 2000; Buffle and Van Leeuwen, 2002).
Microalgae are a promising media to be used in biocementation, due to its
photosynthetic metabolism. Algae’s species like Spirulina, Arthrospira plantensis
(Cyanophyta), Chlorella vulgaris (Chlorophyta), Dunaliella salina, Haematococcus
pluvialis, Muriellopsis sp., Porphyridium cruentum (Rhodophyta) basically are
autotrophic microorganisms that live through photosynthetic process. Experiment of
nine green algae, a diatom and three cyanobacteria were shown to precipitate CaCO3
in batch culture, where grown in the light in a hard water medium containing soluble
calcium. The composition of the medium was based on that found in natural marine
hard water where precipitation of CaCO3 within algal biofilms occurred. Deposition
occurred as a direct result of photosynthesis which caused an increase in the pH of
the medium. Once a critical pH had been reached, typically approximately pH 9.0,
precipitation began evidenced by a fall in the concentration of soluble calcium in the
medium. In other experiment, Synechococcus cyanobacteria, the eukaryotic
Mychonastes sp., and Chlorella sp., were found to induce the precipitation of CaCO3.
In all experiments the precipitation process developed in three stages: (1) a pH-drift
period, (2) the actual precipitation reaction, and (3) an equilibration phase. Several
types of microalgae also use urea hydrolysis mechanism to fulfill the needs of
nitrogen. For example, Chorella sp utilizes urea as a nitrogen source; urea is
hydrolyzed by urease or urea amidolyase enzyme to produce ammonia and
bicarbonate. The activity of urease enzyme also can induce the precipitation of
calcium carbonate (Ariyanti et al., 2012)
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2.3 Biocementation mechanism
Naturally, biomineralization process occurs at a very slow rate over geological times
like the formation of limestone, sandstone, etc. Bioconcrete is this process, achieved
at a much shorter timescale (Stocks-Fischer et al., 1999; Gonsalves, 2011).
Figure (2.1): Sand into Sandstone. (Source: Van Paassen, 2009).
2.3.1 MCP by urea hydrolysis
Urea is formed in large quantities as a product of the catabolism of nitrogen
containing compounds, each human producing approximately 10 kg of urea per year.
Although the spontaneous degradation of urea has a half-life of approximately 3.6
years, urea hydrolysis catalyzed by urease (urea aminohydrolase E.C. 3.5.1.5), a
nickel-containing enzyme, proceeds 1014 times faster. The products of this reaction
are ammonia and carbamate: the latter spontaneously decomposes to ammonia and
carbonate in an uncatalyzed reaction (Benini et al., 1999).
In MICP by urea hydrolysis, the enzyme urease catalyses substrate urea and
precipitates carbonate ions in presence of ammonium. These carbonate ions in
presence of a calcium source readily precipitate CaCO3. This urea hydrolysis is the
result of metabolic processes, which depends on the type of bacteria being used
(Henriques, 2011).
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2.3.1.1 Principal parameters governing CaCO3 precipitation for biocementation
i. The calcium and carbonate concentration
The calcium and carbonate concentrations can have a positive or negative
effect on the precipitation rate and / or inhibitory effect on the CaCO3
production by the bacteria. Urea hydrolysis generates carbonate ions at a 1:1
molar ratio. Hence with increased urea, carbonate concenrations can be
increased to facilitate CaCO3 saturation.
ii. The pH of the environment
(Which controls carbonate speciation, and calcium carbonate solubility) The
pH of the environment has a positive or negative effect on the rate of
carbonation by the bacteria, precipitation of CaCO3 in the medium and type
of crystals formed.
iii. The presence of nucleation sites
The presence of nucleation sites is important as it governs the homoginity of
the carbonation and also the strength of the carbonate being produced (by the
production of CaCO3 at specific points). Depending on the type of
microorganism being used the above outcomes will vary, and so also the
material properties of the CaCO3 produced.
In microbial CaCO3 precipitation, the first two factors are the key for CaCO3
precipitation, while the third factor is not a key factor because the bacteria
themselves behave as nucleation sites (Whiffin, 2004; Al-Thawadi, 2008; De
Muynck et al., 2010a; De Muynck et al., 2010b; Al-Thawadi, 2011; Gonsalves,




Ureases (E.C 3.5.1.5) are nickel-
dependent enzymes found in plants,
bacteria and fungi that hydrolyze
urea into ammonia and carbon
dioxide. Ureases from plants and
fungi are homotrimers or hexamers
of about 90kDa subunit, while
bacterial ureases are multimers of
two or three subunits complexes.
The N-terminal halves of plant or fungal urease monomers are similar to the small
subunits of bacterial enzymes (e.g. β and γ chains of S. pasteurii urease). The C-
terminal portions of plant and fungal chains resemble the large subunits of bacterial
ureases (e.g. α chain of S. pasteurii urease). The high sequence similarity of all
ureases indicates they are variants of the same ancestral protein and are likely to
possess similar tertiary structures and catalytic mechanisms. Only bacterial ureases
had their 3D crystallographic structure successfully resolved so far, e.g. Klebsiella
aerogenes, S. pasteurii, and Helicobacter pylori (Follmer et al., 2004).
Some bacterial ureases play an important role in the pathogenesis of human and
animal diseases such as those from Proteus mirabilis and H. pylori. Urease activity
enables bacteria to use urea as a sole nitrogen source. S. pasteurii is a widespread soil
bacterium remarkable for its large urease production. S. pasteurii urease was purified
and crystallized being a heteropolymer (αβγ)3 of three chains (α, 61.4 kDa; β, 14.0
kDa; γ, 11.1 kDa) featuring an active site containing two nickel ions. S. pasteurii and
jackbean (Canavalia ensifor-mis) major urease (P07374), the first protein ever
crystallized, share 55% identity and 73% similarity despite the difference in their
quaternary structures. The high ureolytic activity of living S. pasteurii cells and the
presence of its urease free in the soil enable the use of urea as a fertilizer. However,
this widespread urease activity may also cause plant damage by ammonia toxicity
and soil pH increase (Olivera-Severo et al., 2006).
Figure (2.2): Three
dimensional structure of
the () heterotrimer of
BPU. (a) View down the
crystallographic threefold
axis; (b) view from the
side. The green, blue and
red ribbons represent,
respectively, the , and
subunits. The magenta
spheres in the subunits
are the nickel ions of the
active center. (source:
Mobley et al., 1995; Benini
et al., 1999)
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ii. Urease activity (UA)
Urease activity (UA) is the urea hydrolysis activity produced by the enzyme urease
per minute. The enzyme is produced by different typed of ureolytic bacteria, and in
the case of S. pasteurii is present in the cytoplasm of the cell. The process of
production of enzymes is as illustrated in the figure 2.3. The information for its
production is encoded in the DNA of the cells, then transcripted to the RNA, which
is used to produce (translate) the enzyme (protein) from amino acids. In the case of
bacterial cells the production of RNA is virtually instantaneous followed by the
synthesis of enzyme. In case any intervention has to be made to the enzyme
production process, to induce desired effects, it will have to be in the translation
phase or the modification phase (post synthesis). Modifying the enzyme could
produce desired benefits such as higher resistance to cementation solution or waste
products, or even increase urease activity (Henriques, 2011).
iii. Specific urease activity (Al-Thawadi, 2008)
Specific urease activity is the amount of urease activity per unit biomass. It was
calculated as follows:
Figure (2.3): Regulation levels for enzyme activity by microorganisms. Enzymes can
be regulated at the transcriptional level or the modification level (post transcription).
(Source: Whiffin, 2004)
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2.3.1.3 The effect of environmental conditions on urease activity
Apart from the amount and type of bacteria and their specific urease activity after
growth and storage, the hydrolysis rate in the reacting environment still depends on
many factors, like: the concentration of substrates and products; the presence of other
compounds (solid, liquid or dissolved); and other conditions, such as pH,
temperature and salinity, which might inhibit or enhance the reaction rate (Stocks-
Fischer et al., 1999; Bang et al., 2001; Bachmeier et al., 2002; De Muynck et al.,
2010a).
2.3.1.4 Ureolytic bacteria and cementation
The commercial demand for urease is not high and currently, urease is only available
in industrial quantities from Roche companies for use in the diagnostic and high
technology specialist ceramics fields (Gauckler and Baader, 1999). It is thus
expensive and is of a higher purity than is required for biocementation. The ability to
produce urease is widespread amongst microbial populations and the enzyme has
been well studied from a clinical perspective as it can indicate increased  virulence
properties in pathogenic bacteria (Collins and D'Orazio, 1993; Mobley et al., 1995;
Lee and Calhoun, 1997; Provorov and Vorobyov, 2000) and  as  a  general
nitrogen  volatilisation  phenomenon  in agricultural  soils (Pettit et al., 1976;
Sadeghi et al., 1988; Sloan and Anderson, 1995; Nielsen et al., 1998).
In general, five modes of regulation exist for the synthesis of urease in microbial
systems;
(i) Constitutive – where a constant enzyme activity is expressed per
cell, independent of external conditions (Mobley and Hausinger,
1989; Mobley et al., 1995; Whiffin, 2004).
(ii) Inducible – where a background level of enzyme activity is
expressed per cell which can be induced by the presence of an
inducer molecule (e.g. urea) or other environmental condition
(Mobley and Hausinger, 1989; Mobley et al., 1995; Whiffin,
2004).
(iii) Repressible – by the presence of ammonia or ammonia
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precursors including urea. This synthesis is de-repressed (i.e.
enzyme activity increases) under nitrogen limiting conditions
(Mobley and Hausinger, 1989; Mobley et al., 1995; Whiffin.,
2004).
(iv) Developmental – where an organism in different developmental
stages (e.g. swarming versus non-swarming) has variable
expression of urease (Mobley and Hausinger, 1989; Mobley et
al., 1995; Whiffin, 2004).
(v) Regulation by pH – where the urease level is controlled by pH
through controlling the rate of urease synthesis (Sissons et al.,
1992).
An ideal microbial source of urease for biocementation must be tolerant to high
concentrations of urea and calcium.  Non-pathogenic micro-organisms are used as a
urease source to catalyze precipitation of minerals. The organism should also have a
high level of urease activity that is either constitutively produced (i.e. a constant
amount of enzyme is expressed per cell) or can be reliably induced.
Urease-producing bacteria can be divided into two distinct groups according to their
urease response to ammonium; those whose urease activity is not repressed (listed  in
table 2.3)  and   those  whose  urease  activity  is  repressed  (e.g. Pseudomonas
aeruginosa, Alcaligenes eutrophus, Bacillus megaterium and
Klebsiella  aerogenes ).  In K. aerogenes, the presence of ammonium inside the cell
induces the production of glutamine, which prevents further hydrolysis of urea.
Because high concentrations of urea are hydrolyzed during biocementation, only
those microorganisms whose urease activity is not repressed by ammonium are
useful (whiffin, 2004).
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Table (2.3): Microorganisms with urease activity that is not repressed in the
presence of ammonium (source: Whiffin, 2004)




Sporosarcina pasteurii   
Proteus vulgaris Unknown  Moderately
Proteus mirabilis Unknown  
Helicobacter pylori   
Ureplasmas(Mocllicutes)   
As well as meeting the needs for biocementation, the organism must also meet the
needs for safe environmental application.  In order to safely release an organism into
the environment, it must  be non-pathogenic, non-genetically modified, and not
contain  any  transferable  elements  that  may  increase  the  pathogenicity  of
environmental strains (e.g. antibiotic resistance). Considering both biocementation
and environmental constraints, two organisms have potential as sources of urease for
biocementation; S. pasteurii and Proteus vulgaris (Table 2.3). The moderately
alkaliphilic organism S. pasteurii is a commonly found in the soil, sewage and urinal
incrustations (Whiffin, 2004).
2.3.1.5 Processes involved in CaCO3 precipitation (Whiffin, 2004; Al-Thawadi,
2008; Van Paassen, 2009; De Jong et al., 2010; Cheng and Cord-Ruwisch, 2012).
i. Hydrolysis of urea (Eqn. 1, 2 & 3)
Ureolytic bacteria use urea as an energy source producing ammonia which increases
the pH of the environment and generates carbonate. Urea hydrolysis generates
carbonate ions at a 1:1 molar ratio, hence controlling one of the key parameters for
MICP of dissolved inorganic carbon concentration.
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ii. Increasing alkalinity (Eqn. 4)
The pH of the environment has a significant effect on the specific urease activity
(SUA), hence affecting carbonate speciation. The effect of pH between 6 and 8.5 is
negligible as the cells protect the enzyme from acidity. At neutral pH, bicarbonate
(HCO3
-) is the dominant carbonate species rather than carbonate (CO3
2-), causing a
rise in pH to maintain charge balance. This increase in pH starts ammonium (NH4
+)




- at a pH of about 9.3. The pH of the environment is important as it
affects carbonate speciation and CaCO3 solubility.
Urease mechanism
H2N-CO-NH2 + H2O                      NH3 + H2N-CO-OH
H2N-CO-OH + H2O NH3 + H2CO3




iii. Surface absorption of Ca2+ ions (Eqn. 5 & 6)
Ca2+ ions are supplied in the form of calcium chloride; these ions are attracted to the
bacterial cell wall due to the negative charge of the solution.
Cementation
Ca+2 + Cell                      Cell. Ca+2
Cl- + HCO3




















iv. Nucleation and crystal growth (Eqn. 7)
Precipitation involves: (i) The development of supersaturation solution, (ii)
Nucleation (the formation of new crystals) begins at the point of critical saturation
and (iii) Spontaneous crystal growth on the stable nuclei. Schematic representation
summarizing the different phases (A, B, C and D) during CaCO3 precipitation
process via ureolytic bacteria in figure 2.4.
2.3.1.6 Molecular basis of bacterial calcium carbonate precipitation
The mechanism of CaCO3 formation is poorly understood at both the molecular and
genetic level. Barabesi et al., (2007) carried out the first study that suggested that the
CaCO3 biomineralisation process was genetically controlled. They identified the
genes responsible for CaCO3 formation in B. subtilis. The operon icfA consists of
five genes (Figure 2.5); icfA, ysiA, ysiB, etfB, and etfA. Previously, Wipat et al.,
(1996) has described the transcriptional unit (icfA, ysiA, ysiB, etfB, and etfA) as a
cluster of genes encoding proteins used in fatty acid metabolism. Mutant strains
containing each of the five genes were formed by insertional mutagenesis (Barabesi
et al., 2007). Those mutant strains were unable to precipitate CaCO3. Thus, Barabesi
Figure (2.4): Schematic model summarizing the role of ureolytic
bacteria in CaCO3 precipitation in the presence of a high
concentration of Ca2+ ions. The processes involved in CaCO3
precipitation are: (A) hydrolysis of urea (Equations 1, 2 & 3), (B)
increasing the alkalinity (Equation 4), (C) surface adsorption of
Ca2+ ions (Equation 5,6) and (D) nucleation and crystal growth
(Equation 7). EPS stands for extra-polysaccharide in the case of
the presence of EPS surrounding the ureolytic cells. (Reference:
Al-Thawadi, 2008).
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et al., (2007) have suggested that all the genes in the icfA operon could be
participating in CaCO3 precipitation. Moreover, Barabesi et al., (2007) have
suggested that there is a link between the CaCO3 and fatty acid formation confirming
the previously mentioned findings of Wipat et al (1996) (Al-Thawedi., 2008;
Perito and Mastromei, 2011).
2.4 Biotechnological application of bacterial carbonate precipitation
Biogeotechnology is a branch of geotechnical engineering that deals with the
applications of biological methods to geotechnical engineering problems. At the
present, biogeotechnologies are related mainly to the applications of plants or
vegetative soil cover for soil erosion control and slope protection, prevention of slope
failure, and reduction of water infiltration into slopes. Biogeotechnology have
advantages of low investment and maintenance costs. It also offers benefits to
environment and aesthetics (Karol, 2003). Microbial geotechnology is an emerging
branch of geotechnical engineering. Although there are various potential applications
of microorganisms to geotechnical engineering, at the present, promising
applications are only concentrated in the bioclogging and biocementation (Ivanov
and Chu, 2008).
Concrete is the most widely used man made construction material in civil
engineering world. It has specialty of being cast in any desirable shape but plain
Figure 2.5: Gene map of the B. subtilis chromosome region containing
urease gene cluster (from icfA to etfA) and results of RT-PCR as
described by Barabesi et al., (2007). Arrows show the direction of the
transcription. At both ends of the region, there are two transcription
terminators. Major RT-PCR cotranscripts (A4-C1, B6-D1 and C6-E3)
are shown as bars with their sizes in base pairs (bp). (source: Al-
Thawedi, 2008).
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concrete however possesses very low tensile strength, limited ductility and little
resistance to cracking (Chahal et al., 2012).
Repair, rehabilitation, and strengthening are the major part of the construction
activity in the recent past. All building materials are porous and the porosity of
building material along with ingress of moisture and other harmful chemicals such as
acids, chlorides, and sulfates affect the material and seriously reduce their strength
and life. An additive that seals the pores and cracks and thus reduces the permeability
of the structure would immensely improve its life (Annamalai et al., 2012).
Nowadays a broad range of products is available on the market for the protection of
concrete surfaces. Several of these products are organic coatings consisting of
volatile organic compounds. The air polluting effect of these compounds during
manufacturing and coating has led to the development of new formulations such as
inorganic coating materials. Traditional inorganic coatings consist of calcium-silicate
compounds, which exhibit a composition similar to cement. Promising results of
innovative techniques based on microbial mineral precipitation have led to several
investigations on the use of bacteria in concrete (De Muynck et al., 2008; Siddique
and Chahal, 2011).
Bacterial concrete, an inherent and self-repairing biomaterial that can remediate the
cracks and fissures in concrete. Though concrete is quite strong mechanically, it
suffers from several drawbacks, such as low tensile strength, permeability to liquid
and consequent corrosion of reinforcement, susceptibility to chemical attack and low
durability. Modifications have been made from time to time to overcome such
difficulties of concrete but all those processes are not easy and good. Recently,
microbial remediation of concrete has been started to solve these difficulties. Some
bacterial species e.g. Bacillus pasteruii or Pseudomonas aeruginosa along with
cement-sand produce minute particles within the matrix that can be used as a filling
material to remediate cracks in structures. This method was already showing positive
results in the field of enhanced oil recovery, prevention of acid mine drainage,
prevention of leaching in channels and other such areas (Ghosh and Mandal, 2006).
Some applications will be mentioned as follows:
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2.4.1 Control of groundwater and pollutant transport in sub-soil
An application of ureolytic driven MCP was patented, concerning the precipitation
plugging of pores and permeable channels in sub-surface geological formations. As
patented, this process employs urease-positive microbial strains such as s. pasteurii
and Leuconostoc mesenteroides, fed with a nutrient medium containing urea and
calcium (Hammes, 2003).
However, recent advances in this field also highlighted an additional advantage of
this towards the treatment of groundwater contaminated with heavy metals and
radionuclides. Ferris et al., (1995) and Abdelouas et al., (1998) reported the co-
precipitation of respectively strontium (Sr) and uranium (UO2) with
microbiologically produced calcite in natural environments (Hammes, 2003).
The capturing of divalent radionucleotide Strontium90 (90Sr2+) in the groundwater,
was investigated after the addition of high concentration of urea and very low
concentration of Ca2+ ions. Strontium carbonate (90 SrCO3) was precipitated; in such
a way that (90Sr2+) replaces Ca2+ ions in the calcite crystal preventing the spread of
radio-nucleotide contamination (Al-Thawadi, 2011).
2.4.2 Removal of calcium ions from wastewaters
Calcium-rich wastewater is a problem for industries due to calcification during
downstream processing. The potential for Ca2+ removal from industrial wastewater
facilitated by BCP instead of chemical precipitation was studied (Hamames et al.,
2003b). The presence of a high concentration of calcium ions (500-1500 mg.L-1) in
the wastewater causes severe scaling in the pipelines and reactors due to calcium
formation as carbonate, phosphate and/or gypsum. By the addition of a low
concentration of urea (0-16 g.L-1), up to 90% of the calcium ions were removed from
the examined wastewater (Al-Thawedi, 2008; Al-Thawedi, 2011).
2.4.3 Plugging the pores of the oil-recover reservoir rock
Bacterial cells were used to plug the highly permeable rocks of the oil-reservoir.
Between 8 and 30% of the total oil present in oil-reservoir was recovered from
ordinary oil production method (Leonard, 1986). Oil-recovery depends on primary
and secondary treatments (water flood) to recover the crude oil in the pores of the
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reservoir rock. To improve the recovery method after primary and secondary
treatments, conventional methods depend on chemical or thermal energy is used.
These conventional methods are considered inefficient as they led to 67% retention
of the total oil within the pores of the reservoir rock (Bryant, 1987). Therefore, there
was an interest in the use of microbes to enhance the oil-recovery. Much attention is
devoted to the plugging of highly permeable zone via bacterial urea hydrolysis. This
type of plugging probably offers a feasible alternative to block the rock pores;
improving the residual oil recovery. Complete plugging within days was achieved by
mixing bacteria with sand before packing into cores followed by application of
calcium, urea and carbonate (Gollapudi et al., 1995). Moreover, it was found that
the bacteria plug the sand granules by providing a nucleation site at which CaCO3
was precipitated through alkaline environment (Stocks-Fischer et al., 1999).
2.4.4 Microbial concrete as water purifier (Siddique and Chahal, 2011)
Concrete and steel are arguably the most widely used construction materials in the
world today. Steel bars are embedded in concrete to produce stronger building
structures and the concrete provides the added benefit of protecting the steel bars
from the elements.





Cement paste may comprise (but not limited to) traditional cement (normal Portland
cement or blast furnace slag cement). These microbial cells have sufficient resistance
against strong alkalinity even after they are mixed in the cement paste and against
high temperature during production process. Concrete plate (microbial conc.) purifies
water impurities after some time (2 weeks), black muddy colour is changed to clean
colour in 2 months. It also eliminates smell of water. B.O.D. of 1400 can be reduced
to B.O.D. of 1.4. Microbial concrete as water purifier has the following advantages:
i. Useable as water purifier tank walls.
ii. Floor lining of a water purifying facility in homes, industrial plants.
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iii. The cement containing microbial cells can be effectively used for purifying
water such as river water or lake water and in particular can be effectively
used at a location where water flows at a low rate with stagnation.
Table (2.4): Various microbes used in concrete (source: Siddique and Chahal,
2011).
Applications Types of bacteria




Microbial concrete as surface treatment -Bacillus sphaericus
Microbial concrete as water purifier -Bacillus subitilis
-Bacillus sphaericus
-Thiobacillus sp
2.4.5 Crack bioremediation and self-healing of concrete
Concrete is the most commonly used building material, but the cracks in concrete
create problem. Cracks in concrete occur due to various mechanisms such as
shrinkage, freeze-thaw reactions and mechanical compressive and tensile forces.
Cracking of the concrete surface may enhance the deterioration of embedded steel
bars as ingression rate of corrosive chemicals such as water and chloride ions in to
the concrete structure increased (Gavimath et al., 2012).
For crack repair, a variety of techniques is available. Injection with epoxy resin or
cement grout are the most popular ones. Traditional repair systems such as those
based on epoxy resin have a number of disadvantageous aspects, such as a different
thermal expansion coefficient compared to concrete and environmental and health
hazards (De Belie and De Muynck, 2009). A novel technique in fixing cracks needs
to be for an effective, long term, environmentally safe method to repair cracks in
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concrete structures. Several research groups have investigated the possibility of
biomineralization as an effective method to remediate cracks and fissures in concrete
structures. Cracks filled with a mixture of S. pasteurii and sand showed a significant
increase in compressive strength and stiffness, compared to cracks without cells.
Microscopy confirmed the presence of calcite crystals and cells near the surface of
the cracks. Other groups have noted that biomineralization can be used in the
conservation of ornamental limestone statues or carvings, similar to its use in
concrete remediation. (Bang and Ramakrishnan, 2001; Siddique and Chahal,
2011).
2.4.6 Protection, restoration of limestone monuments and statuary and
creation of biological mortars
Physical, biological and chemical factors may cause the weathering of monumental
stones. Construction materials, for example, are exposed to Cl−, SO4
2−, CO2 and
atmospheric moisture which react with the surface layer or penetrate inside the
materials (Chunxiang et al., 2009). Consequently, a loss of cohesion of stone
material, progressive mineral matrix dissolution and micro-cracks formation will be
enhanced. In the case of calcareous stones, the porosity will increase due to CaCO3
leaching and weakening of the superficial structure of the stone (Tiano et al., 1999).
The attempt which was done by Tiano et al., (1999) in stopping or slowing down the
deterioration of monumental statuary by ureolytic bacteria was successful in surface
coating but not strength production, as no significant difference in strength was
recorded after CaCO3 precipitation. In a recent study, a new layer of CaCO3 was
precipitated on the surface of an old concrete layer by S. pasteurii. It was concluded
that cracks remediation may enhance the strength and the durability of the concrete
(Ramakrishnan et al., 2005).
Chunxiang et al., (2009) have successfully precipitated calcium carbonate layer
(138-289 μm) on cement-based material using S. pasteurii. They have drawn a
method to improve the water penetration resistance and resist the attack of the acid
(pH >1.5) of the construction material surface. Their method depends on applying
calcium first and adding urea one hour later. The researchers recommended working
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with low urea conversion rate to obtain a compact and hard calcium carbonate layer
on the surface of concrete.
Le Metayer-Levrel et al., (1999) have successfully studied bacterial cementation
aiming at creation of biological mortars (i.e. mortar is a mixture of cement, water and
fine sand forming a paste to fill the gaps between construction blocks and bind them
together) and patinas (anticorrosive protection of materials in the atmosphere) on
limestone. Their method depends on spraying the entire surface of limestone with
bacteria followed by a nutritional medium containing calcium and urea. A protective
surface coating of CaCO3 (several micrometers deep) was formed. They have
claimed that calcite particles were precipitated within the bacterial cells and then
expelled after wards. A relatively low penetration depth of 500 µm was reported by
immersing the limestone sample in the cementation media (Rodriguez-Navarro et
al., 2003). The use of Myxocccus xanthus (a slow growing bacterium) resulted in
CaCO3 precipitation at the wall of the porous materials without plugging them. The
resistance of mortar specimens and surface deposition to degradation process was
improved by bacterial CaCO3 formation (Rodriguez-Navarro et al., 2003;
Chunxiang et al., 2009; Al-Thawedi, 2011; Siddique and Chahal, 2011).
2.4.7 Biogrout
Bio-mediated ground improvement has caught the attention of Dutch companies to
solidify the dikes to prevent floods in low-lying areas. At TU Delft, research by
Whiffin et al., (2007) has shown that biogrouting enables to stabilise soil and other
particulate matter. This method is useful for tunnelling, earthquake repair and instant
pavements. (Van Paassen, 2009; De Jong et al., 2010).
Figure (2.6): First field scale (100m3) Biogrouting experiment.
(source: Van Paassen, 2009)
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2.4.8 Improve durability of bricks
Most of the deterioration of brick structures takes place because of the presence of
moisture. Sarda et al., (2009) were able to increase brick strength by reducing water
absorption up to 45%. In this method deposition of BCP on the surface and in voids
of the bricks reduced the water absorption.
2.5 Microbial cementation could be used for the following civil and
environmental engineering applications (Kucharski et al., 2005; Ivanov and
Chu, 2008; Stabnikov, et al., 2011):
• Enhancing stability for retaining walls, embankments, and dams;
• Reinforcing or stabilizing soil to facilitate the stability of tunnels or underground
constructions;
• Increasing the bearing capacity of piled or non-piled foundations;
• Reducing the liquefaction potential of soil;
• Treating pavement surface;
• Strengthening tailings dams to prevent erosion and slope failure;
• Constructing a permeable reactive barriers in mining and environmental
engineering;
• Binding of the dust particles on exposed surfaces to reduce dust levels;
• Increasing the resistance to petroleum borehole degradation during drilling and
extraction;
• Increasing the resistance of offshore structures to erosion of sediment within or
beneath gravity foundations and pipelines;
• Stabilizing pollutants from soil by the binding;
• Controlling erosion in coastal area and rivers;
• Creating water filters and bore hole filters;
• Immobilizing bacterial cells into a cemented active biofilter.
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2.6 Advantages of biocementation
The biocementation process (microbial consolidation) is advantageous over the
ordinary cementation processes by:
i. Improvement of load bearing capacity of soil without making the soil
impermeable to fluids by MCP is a unique property compared to other
treatment methods (Gonsalves, 2011). Retention of the permeability was
evident by the absorbance of water recorded in the biocemented surfaces
(Tiano et al., 1999). For consolidation of loose material, it is vital to conserve
the permeability so that the water moves through the voids in the stone
hindering the deterioration due to water logging (Al-Thawedi, 2008).
ii. Cost-saving process as the bacterial enzyme was reused in subsequent
applications (2-3) of calcium and urea only (Al-Thawedi, 2008). The
bacterial cells were evident to be reused 2-3 times (Whiffin, 2004) and over
20 times (Al-Thawadi, 2008) in subsequent applications of calcium and
urease only. Therefore, reusing the cells in-situ is a cost saving process as the
cost of culturing the cells is not considered (Al-Thawedi, 2011).
iii. Reactants are aqueous in nature, hence less energy required as low injection
pressure is required as they easily infiltrate into pores (Gonsalves, 2011).
iv. Consolidation of porous media can be achieved by the direct use of bacterial
culture without the need to concentrate the cells or extract urease from the
bacteria. Thus, there is no need for additional processing for the bacterial
culture to produce sand-stone (Al-Thawedi, 2008).
v. Its economical effective process more than, for example, Calcite In-situ
Precipitation System (CIPS) technology. One of the components of CIPS
cementation solution is originated from a plant source. Thus CIPS is a
challenging process since it is subjected to seasonal variation, extraction cost
and transport (Al-Thawedi, 2008).
vi. Biocementaion process dependent on bacteria which are more tolerant to the
cementation condition than the plant source (Whiffin, 2004).
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2.7 Limitation of soil biocementation
A disadvantage of soil bioclogging and biocementation in comparison with chemical
grouting is that the microbial process is usually slower. Another disadvantage is that
the microbial process is more complex than the chemical one because the microbial
activity depends on many environmental factors such as temperature, pH,
concentrations of donors and acceptors of electrons, concentrations and diffusion
rates of nutrients and metabolites. The design of microbial applications in
bioclogging and biocementation must take into account not only soil conditions and
grouting medium content but also microbiological, ecological and geotechnical
engineering aspects of the process. Design of bioclogging and biocementation
requires data of the biological processes (growth, biosynthesis, biodegradation,
bioreduction, biooxidation, and specific enzymatic activities), chemical reactions
accompanied with formation of insoluble compounds, and physico-chemical
processes such as precipitation, crystallization, and adhesion. Specific geotechnical
parameters of soil must be used as process optimization criteria. Design of
bioclogging and biocementation processes is not shown in this review because there
are no related papers yet. Due to the complexity, none of the bioclogging or
biocementation processes have been tested in large-scale construction or land






The Apparatuses used in this study are listed in table 3.1.




Standard mortar mixer 65-L0005
Hydraulic shrinkage of cement mortar
40x40x160 mm
Top loading balances (QHW-3OT) cap 30
Kg
Shaking Incubator
N-Biotek KoreaBiological safety cabinet
Centrifuge combi 514r Hanil science industrial









Analytical balance (max 150g-d 0.005g) ae-ADAM equipment
U.S.AAnalytical balance (Max 120g- d 0.0001g)
pH/mV Meter Azzota
Vortex(Turbo mixer) LW scientific Georgia
Refrigerated cabinets “Medilow” +0 °C Up
To +15 °C.
Jp selecta s.a Spain
Spectrophotometer(CT-2200) Chrom Teck Taiwan
Orbital Shaker Boeco Germany
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3.1.2 Reagents
The reagents used in this study are listed in table 3.2.








Sulphanilic acid (white) Oxford laboratory reagent
Phenolphthalein Loba chemie
Ammonium sulphate Biomark
Naphthyleamine Central drug house




Urea extra pure Honeywell riedel-de haen Germany
Gram color Kit Liofilchem Italy
3.1.3 Cultures mediums
The cultures mediums that were used are listed in table 3.3.
Table (3.3): Suppliers for cultures mediums
Media Manufactures Country













3.2.1 Isolation of urease producing bacteria
3.2.1.1 Samples collection
To screen for strains with high level of urease activity soil, sludge and freshly cut
concrete surface samples were collected from different locations in the middle zone
and Gaza city of the Gaza Strip that are likely to contain ureolytic bacteria. Table 3.4
shows the sites of the collected soil samples.
Table (3.4): Sites of soil rich urea and other materials in Middle zone
and Gaza city of Gaza strip
Sample NO Site
1 Soil from Selling cattle market in Al-bureij camp
2 Soil from camels barn
3 Soil from agricultural field
4 Freshly cut concrete
5 Soil from agricultural field fertilized with urea fertilization
6 Soil from camels barn
7 Soil from horses barn
8 Soil from horses stable
9 Soil from Sheep barn
10 Soil from cows barn
11 Soil sample from the point of Wadi Gaza cross with the sea
12 Soil from donkey Stable
13 Soil beside the edge of Wadi Gaza stream
14 Soil under Bridge of Wadi Gaza
15 Soil from animals residues
16 Soil sample from Islamic university garden
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3.2.1.2 Enrichment of samples
To enrich the samples for urease-producing bacteria, 1 g of each sample was
inoculated into 50 ml of nutrient broth (250 ml shaking flasks, at 28oC, for 36 hours).
The enrichment media consist of 10 g.L-1 Yeast extract (YE), 1M urea, 152 mM
ammonium sulphate and 100 mM sodium acetate (Al-Thawedi, 2008).
3.2.1.3 Selection of highly urease active bacteria from enriched cultures
To screen for pure colonies, the enrichment cultures were diluted and streaked on
urea agar plates.  Urea Agar is used for the differentiation of microorganisms on the
basis of urease production. The plates were incubated at 28oC for 48 hours. Phenol
Red as basic formula of the urea agar to indicate the pH change associated with
ammonia production from urea hydrolysis; a color change from yellow (pH 6.8) to
pink (pH 8.1). The change in the color was recorded. The colonies that showed a
pinkish color change around them were transferred to a liquid media similar to the
enrichment medium, and were treated under the same conditions of enrichment
cultivation (Fujita et al., 2000; Al-Thawedi, 2008).
After incubation, the representative microorganisms growing on the plates were
purified using streak method and were assigned a code number. The bacterial isolates
were tested for their ability to grow on 5% urea contained on NA.  The strains
capable of growth at this concentration of urea were selected and inoculated into
higher concentration reaching to 10% of urea concentration. Finally, the strains with
the tolerance to the highest urea concentration were selected and used in subsequent
experiments (George, 2005).
3.2.2 Phenotypic characterization of isolates
Gram reaction, motility, anaerobic growth, catalase production, citrate utilization,
nitrate reduction, starch hydrolysis, casein hydrolysis, lecithinase production and
urea hydrolysis were used to characterize the selected urease producer strains. The
isolates were also inoculated on nutrient media with different sodium chloride
concentrations (7% and 10%) to determine the survival in saline conditions (Achal et
al., 2010c).
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3.2.3 Experimental application of biocement
3.2.3.1 Bacterial culture
All tested isolates were cultivated in nutrient broth. Before the cultivation, medium
was sterilized at 121oC, the organisms was grown at 35oC for 24 hours in a shaker
incubator with 170 round per minute (rpm). The bacteria were stored suspended in
their growth medium in the fridge at 4oC prior to use (Van Paassen, 2009;
Henriques, 2011).
3.2.3.2 Cementation solution
Two components of liquid biocement, applied sequentially, were as follows: (1)
cultural liquid (bacterial suspension) with addition of CaCl2 to a concentration of 0.1
M; (2) calcium chloride and urea solution contained 82.5 g/L (0.75 M) of CaCl2 and
60.06 g/L (1M) of urea. Solutions of urea and calcium were mixed with water and
injected to initiate the biocementation process (Stabnikov et al., 2011).
3.2.3.3 Biomass determination
The biomass was determined by measurement of optical density (OD)
spectrophotometrically at 660 nm.
3.2.4 Sand consolidation
Core for cementation consisted of 100 ml plastic cup that was contained in the
bottom with glass filter paper and the cup was drilled from the back to allow the
cementation solution to pass through filter paper to another plastic cup which
consider as collector of solution.  80g of sand was dried packed in drilled plastic cup
under continuous vibration to yield an even density. Core was up-flushed with water
and tapped to remove air pockets. Ca/urea (cementation) solution and cells were
premixed immediately before injection into the core by pouring both liquids into cup
containing sand. The solution was poured on sand daily until the process finished
after 7 days from the start of the operation. Schematic representation summarizing
the different preparation of cementation process is shown in figure 3.1. This
experiment was performed on all bacterial isolates to select the best isolates that
consolidate Si-sand.
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Figure (3.1): Process of sand consolidation
3.2.5 Effect of bacteria on various parameters
3.2.5.1 Compressive strength test
To study the effect of urease producing strains on compressive strength test of
cement mortar, all bacterial isolates were showed positive sand consolidation were
grown in NB media. All isolates were suspended in saline solution. TN1B, TN3B,
TN5A and TN3E were suspended in phosphate solution to final concentration of 1.2
x108/ml. Mortar cubes with cementation solution and tap water containing no cells
were prepared and were regarded as control 1 and control 2 respectively.
Five hundred gram of Al-Arish Portland cement (CEM/B 52.2), 1500g local sand
and 250ml solution (cementaion solution + buffer containing bacteria isolates) were
thoroughly mixed by using standard mortar mixer 65-L0005. The mixture was cast in
Hydraulic shrinkage of cement mortar 65-L0010/B of dimensions (4x4x16cm) and
was left to 24 hour. After that all specimens were cured in tap water at room
temperature until compression testing with different interval adopted at the university
working days and the period of the Israeli aggression on the Gaza Strip in the period
between 14/11/2012 to 22/11/2012.
The intervals of all specimens with saline buffer were 7, 14 and 28 day. And the
intervals of specimens with phosphate buffer were 3, 21 and 28 day.
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After each interval days the cubes were removed from the curing water and cut to
four mortars with dimension to 4x4x4 cm3 by using ELECTRIC TILE SAW.
Control specimen was also prepared in similar way where bacterial culture replaced
water. Compression testing was performed using automatic compression testing
machine (AUTO COMP 2).
3.2.5.2 Water absorption test
To determine the increase in resistance towards water penetration, all mortar
specimens were cured in tap water for 28 days, saturated overnight in water and
weighed. The bricks were then dried in an oven at 100oC for 24 h, cooled and
weighed again. Water absorption was calculated by using following formula:
Where Wsaturation is the weight of bricks after saturation in water for 24 h, and WOven
dried is the weight of bricks after oven drying for 24 h (Sarda et al,. 2009).
.
3.2.5.3 Acid resistance test
A series of H2SO4 solution of different pH were prepared for testing the acid
resistance of the cement mortar. The pH solutions were as follows; 0.5, 1.0, 1.5, 2.0,
2.5, 3.0, 3.5, 4.0, 4.5, 5.0, and 5.5. A drop of H2SO4 solution was dripped on the
mortar from the beginning of the pH=5.5 and a stereomicroscope Olympus was used
to observe the mortar carefully for 2 min to see whether air bubbles appeared. If no
air bubbles appeared, it could be concluded that the mortar could resist the corrosion
of H2SO4 solution of this pH and the next pH of H2SO4 solution will be dripped on
the mortar. If air bubbles generated under a certain pH, the acid resistance value of
the mortar was the prior pH value. For example, if air bubbles do not appear at
pH=3.0 but appear at pH=2.5, the acid resistance value of the layer is 3.0
(Chunxiang, 2009).
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3.2.6 The most potent isolate (TN1B) was chosen to be used for
optimization of environmental and nutritional condition
3.2.6.1 Temperature optimization
NB medium was prepared and distributed into several flasks. A 3 ml of an overnight
culture was used to inoculate 30 ml media in a 250 conical flask. 4 flasks were
prepared and incubated at the following temperature (25, 30, 35, 40) and were
incubated for 20 hour. Samples were collected after 20 hour of incubation to measure
the optical density spectrophotometrically at 660 nm (Steubing, 1993). The
experiment was done in triplicate and the average absorbance was recorded.
3.2.6.2 Optimum pH
NB medium was prepared and distributed into several flasks. A 3 ml of an overnight
culture was used to inoculate 30 ml media in a 250 conical flask. The pH of the
medium was adjusted using 1N NaOH to obtain the following pH values (6, 6.5 7,
7.5, 8, 8.5, 9). An equal volume of the inoculums were added to each flask and
incubated at the 35oC for 18 hour. Samples were collected after 18 hour of incubation
to measure the optical density spectrophotometrically at 660nm (Steubing, 1993).
The experiment was done in triplicate and the average absorbance was
recorded.
3.2.6.3 Selection of appropriate growth media
Four standard media as Yeast Extract (YE), Beef Extract, Brain Heart infusion Broth
(BHB) and Nutrient Broth (NB) were used to determine the most effective medium
for mass cell production of the selected isolate. In addition, several carbon and
nitrogen sources in their pure form or as parts of cheap formulation as Rabbit feed
and Corn Steep Liquor (CSL) were tested as alternative media for cementation
process (Steubing,1 993). The experiment was done in triplicate and the average
absorbance was recorded.
3.2.7 Bacterial growth curve of TN1B isolate
An experiment to determine the growth curve of the selected strain (TN1B) was
carried out using shake flask culture technique to set a growth comparison point at
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optimum conditions. A 3 ml of an overnight culture was used to inoculate 30 ml of
Rabbit feed media in a 250 conical flask. The culture was incubated at 35oC by
shaking for 28 hours at 170 rpm. Inoculation time was considered as zero time.
Samples were taken from the culture at different time intervals and used for
quantitative determination of growth which was measured spectrophotometrically at
660 nm. Viable cell count was determined as ''colony forming units/ml'' CFUs
simultaneously.





4.1 Isolation of urease producing bacteria from enrichment cultures
Thirty three isolates were recovered from enrichment cultures and proved to be
capable of growth in high concentrations of urea. Table 4.1 shows the number and
codes assigned to isolates which were used in the research next steps.
Table (4.1): Urease producing isolates and their codes
Sample NO Isolates NO Code of isolates
1 2 TN1A and TN1B
2 4 TN2A, TN2B, TN2C and TN2D
3 5 TN3A, TN3B, TN3C, TN3D and
TN3E
4 0
5 2 TN5A and TN5B
6 1 TN6
7 1 TN7
8 2 TN8A and TN8B
9 2 TN9A and TN9B
10 3 TN10A, TN10B and TN10C
11 3 TN11A, TN11B and TN11C
12 0
13 3 TN13A, TN13B and TN13C




4.2 Identification of isolates
Gram reaction; motility; anaerobic growth; catalase and citrate utilization; nitrate
reduction; starch, casein, lecithin and urea hydrolysis were performed using standard
methods. The isolates were also inoculated on nutrient media with different sodium
chloride concentrations (7% and 10 %) to determine the survival in saline conditions.
Table 4.2 shows the basic characteristics which have been used for the identification
of bacterial isolates. Identification of species was done by the aid of ABIS ONLINE
software (Costin and Ionut, 2007-2013).
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Table (4.2): Selected biochemical tests for the differentiation
Isolates


































































































TN1A + + - + + + - - +w - + + Bacillus lentus ~88%
TN1B + - + + + + - - +w + + + B. mycoides ~80%
TN2A - + NA - - - + - x x + +
Lysinibacillus sphaericus ~87% & B.
shackletonii ~86%
TN2B NA - + + - - - - - + + + Paenibacillus barcinonensis ~77%
TN3A + - + + - - - + - + + + B.isabeliae ~88%
TN3B + + - + - + + + + + + + B. subtilis & B. cereus ~90%
TN5A + NA + + + - - - x + + + P. barcinonensis & B. nealsonii ~88%
TN10A - - + + + + + - - - + + B. niacin ~78%
TN10B - + - + + - - - - - + + B. fordii, B. farraginis & B. fortis ~89%
TN11A NA - - + - NA + + + x + + B. subtilis & B. atrophaeus ~98
TN11B + + - + - + - + x + + + S. psychrophila & B. lentus ~88%
TN13A + + - + + + - x +w - + + B. subtilis ~89% & B. lentus ~88%
TN14A + + + - + - + + + x + +
P. apiaries, P. brasilensis & P.
celloloseitrophicus ~89%
TN15 - + + + - + + + + + + + B. cereus ~86%
TN2C + - - + - + + + x - + +
B. subtilis & B. atrophaeus ~89%
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Key of abbreviations: NA, test not applicable; x, no growth; +w, positive but weak growth
Isolates
































































































TN3C + + + + - - + + + + + + Bacillus licheniformis ~86%
TN3D - + NA + + + - + x - + + B. lentus ~86%
TN6 + + + + - - + + + + + + B. cereus ~87%
TN7 NA + + - - - - + + + + + P. antarcticus & P. illinoisensis ~89%
TN8A - + + - - + + + + + + + P. apiaries ~95%
TN9A - - - + - - + + + + + + B. flexus ~83%
TN13B - + + + - NA + + + - + + B. licheniformis ~86%
TN14B - + + + + + + - - - + + B. licheniformis ~79%
TN13C + + + + + + - - - - + + B. licheniformis ~79%
TN11C + + NA + - - - + + x + + B. carboniphilus ~83%
TN14C + + - + - + + + - - + + B. subtilis ~86% & B. lentus ~86%
TN3E - + + + - + - - x x + + P.borealis & P. cineris ~76%
TN5B + - + + - - + - - - + + B. endophyticus ~72%
TN8B + + - + + + - + x x + + B. subtilis ~84% & B. lentus ~84%
TN9B - + - - - + + - - + + + B. sporothermodrans ~70%
TN2D + NA - - - + + + + x + + B. lequilensis ~88% & P. brasilensis ~87%
TN10C - + + + + - + - + - + + P. cellulositropicus ~79%
TN16 - + + + - - + - - - + + P. antartcaticus ~72%
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4.3 Sand consolidation
All bacterial isolates were examined for their ability to consolidate sand, 13 isolates
showed positive results to consolidate and shear strength. Table 4.3 show the results
of isolates positive or negative to sand consolidation.
Figure 4.1 show the formation of thin and dense crust with thickness approximately 1
mm was formed on the bottom of the plastic cup act as collection of cementation
solution through the consolidation of the treated sand. The untreated loose sand
specimen exhibits fragile shear of sand particles while some bio-treated specimen
increases substantially with shear to strength.
Figure (4.1): Crust formation through sand consolidation. (a) Crust on the top layer
of sand; (b) Crust formation on the bottom of the cementation solution collecting
cup. (c) The untreated loose sand specimen
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Table (4.3): Isolates were used in sand consolidation
Isolates Status Isolates Status Isolates Status
TN1A - TN11A + TN7 -
TN1B ++ TN11B - TN8A -
TN2A - TN13A - TN9A -
TN2B + TN14A + TN13B -
TN3A - TN15 - TN14B +
TN3B - TN2C + TN13C -
TN5A ++ TN3C + TN11C -
TN10A + TN3D + TN14C -
TN10B - TN6 + TN3E +
TN5B - TN9B - Control 1 -
TN8B - TN2D - Control 2 -
TN16 + TN10C -
Control 1: sand + cementation solution
Control 2: Sand + distilled water
4.4 Effect of bacterial isolates on various parameters
4.4.1 Compressive strength test
4.4.1.1 Compressive strength test with saline buffer
All bacterial isolates which showed positive sand consolidation were chosen to be
further tested for their ability to enhance compression of concrete to get the best
isolates. The effect of the bacterial isolates on the 7, 14 and 28-day compressive
strength of all mortar cubes is given in table 4.4 and 28-day compressive strength
shown in figure 4.2. The compressive strength was significantly increased for some
mortar cubes that contained microbial cells. The highest compressive strength was
obtained with mortar cubes TN3C (35.6 MPa) and TN3E (35.9 MPa) prepared with
cementation solution that were incubated for 28 days as compared to control 2 (32.8
MPa) prepared with tap water. TN3C and TN3E mortar cubes improvement in the
compressive strength were 8.5% and 9.4% respectively compared to control 2.
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Table (4.4): Compressive strength test with saline buffer
Control 1: sand + cement + cementation solution
Control 2: Sand + cement + tap water
Mortar
samples
7 day (MPa) 14 day (MPa) 28 day (MPa)
Trial 1 Trial 2 Average Trial 1 Trial 2 Average Trial 1 Trial 2 Average
TN1B 18.8 18 18.4 20.1 22.3 21.7 25.44 26.1 25.7
TN2B 23.2 23.2 23.2 28.2 25.3 26.7 31.9 31.8 31.9
TN5A 14.1 13.1 13.6 27.6 23.3 25.4 25.7 25.6 25.6
TN10A 18.8 18.04 18.4 22.4 22.3 22.3 27 28.2 27.6
TN11A 15.4 20 17.7 18.2 18.5 18.4 22.4 24.3 23.3
TN14A 15.1 18.6 16.8 20.4 22 21.1 18.9 18.4 18.6
TN2C 16 15.5 15.8 29 24.3 26.7 27.3 29.6 28.4
TN3C 20.36 19.76 20.06 30.13 31.86 31 36.2 35 35.6
TN3D 22.8 21.2 22 30.4 28 29.2 33.4 31.3 32.3
TN6 25.5 20.5 23 29.5 30.6 30 31.8 31.8 31.8
TN14B 26 23.5 24.8 28.2 28.8 28.5 31.8 32.7 32.2
TN3E 26.8 28.1 27.5 32.1 33.3 32.7 36 35.9 35.9
TN16 20.8 16.7 18.7 24.8 24.6 24.7 29 28.4 28.7
Control 1 25.5 26.5 26 22.4 21.6 22 27.5 24.6 26.1
Control 2 26.3 16.3 21.3 28.8 30.3 29.6 32.7 33 32.8
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Figure (4.2): Compressive test results at 28 day for mortar specimens with saline
buffer.
4.4.1.2 Compressive strength test with phosphate buffer
The two bacterial isolates with the highest compressive strength test results in saline
buffer and the best two isolates showing strength sand consolidation of sands were
chosen to be tested for compression improvement with phosphate buffer for final
isolate selection. The effect of the 4 bacterial isolates on the 3, 21 and 28-day
compressive strength of all mortar cubes is given in table 4.5 and 28-day results is
shown in figure 4.3.
The compressive strength had significantly increased for 4 mortar cubes that
contained microbial cells. The highest compressive strength was obtained with
mortar cubes TN1B (39.23 MPa) and TN5A (38.71 MPa) prepared with cementation
solution that were incubated for 28 days as compared to control  (33.4 MPa)
prepared with tap water. TN1B and TN5A mortar cubes improvement in the












Table (4.5): Compressive strength test with phosphate buffer
Mortar
samples














TN1B 21.2 20.1 20.6 40.4 37.7 39.1 38.4 40 39.2
TN3E 20.5 20.4 20.5 31.9 31.8 32 34.1 34.6 34.3
TN5A 25 21.2 23.1 36.9 34.5 35.7 38 39.4 38.7
TN3C 20.8 20.7 20.7 34.2 34.2 34.2 36.3 32.6 34.5
Control 17.8 19.4 18.6 31.7 32.2 32 33.8 33 33.4
Figure (4.3): Summarizes the 28 day compressive strength of different cement
mortar specimens with phosphate buffer.
4.4.2 Water absorption test
4.4.2.1 Water absorption test with saline buffer
The influence of bacteria on the water absorption of mortar cubes is given in table
4.6. The water absorption test was conducted by using saline buffer to determine the
increase in resistance towards water penetration in mortars cubes. Mortar cubes
treated with bacteria and a calcium source showed significantly less water absorption
compared to untreated specimens (control).
It can be seen from this table that with the inclusion of all bacterial isolates, water












TN1B TN3E TN5A TN3C CONTROL
28 Day (Mpa)
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TN1B 129.6 120.1 7.9 19.3
TN2B 133.4 123.1 8.3 15.2
TN5A 131.4 121.4 8.2 16.2
TN10A 116 106.9 8.5 13.2
TN11A 121.3 112.2 8.1 17.2
TN14A 126.3 116.8 8.1 17.2
TN2C 133.8 123.8 8.0 18.2
TN3C 106.5 98.6 7.9 19.3
TN3D 123.2 114.1 7.9 19.3
TN6 118 108.5 8.7 12.1
TN14B 124.8 115.3 8.2 16.2
TN3E 138.6 128.5 7.8 20.3
TN16 121.7 112.7 8.0 18.2
Control 131.1 119.4 9.79 ---
4.4.2.2 Water absorption test with phosphate buffer
The influence of bacteria on the water absorption of mortar cubes with phosphate
buffer is given in table 4.7. The water absorption test was conducted by using
phosphate buffer to determine the increase in resistance towards water penetration in
mortars cubes. Mortar cubes treated with bacteria and a calcium source showed
significantly less water absorption compared to untreated specimens (control).
It can be seen from this table that with the inclusion of bacterial isolates, water
absorption capacity of mortars cubes decreased with compared to control specimens.
Maximum reduction in water absorption test was 32.2% showed in TN1B isolate.
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TN1B 126.7 118.5 6.9 32.2
TN3E 119.7 110.7 8.1 20.3
TN5A 125.2 116.7 7.2 28.6
TN3C 128.9 119.3 8 21.1
Control 127.4 115.6 10.2 -
4.4.3 Acid resistance test
4.4.3.1Acid resistant with saline buffer
Table 4.8 summarize the results of acid resistant test with saline buffer, could be seen
that the acid resistance of the TN3E cube was the preferred result compared to
control.
Table (4.8): Acid resistant with saline buffer
Mortar samples Acid resistant Mortar samples Acid resistant
TN1B 5 TN2C 5.5
TN2B ≥ 06 TN3D 5
TN5A 5.5 TN6 ≥ 06
TN10A ≥ 06 TN14B 5.5
TN11A 5.5 TN3E 4.5
TN3C 5 TN16 5
TN14A 5.5 Control ≥ 06
4.4.3.2 Acid resistant with phosphate buffer
Table 4.9 summarize the results of acid resistant test with phosphate buffer, could be
seen that the acid resistance of the TN1B cube is the best compared to control
Table (4.9): Acid resistance with phosphate buffer
Mortar
samples
TN1B TN5A TN3C TN3E CONTROL
Acid
resistant
4 4.5 5 5 ≥ 06
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4.5 The best isolate was selected
Through previous results we can say that the TN1B isolate which is identified as
Bacillus mycoides (B. mycoides) was the best strain capable to increase strength of
the cement mortar and has the important role to decrease the water penetration
through the mortar compared to the control.
4.6 Bacterial growth optimization of B. mycoides isolate for
biocementation
4.6.1 Temperature optimization
Optimum temperature required for growth B. mycoides was 35 oC, table 4.10 showed
the optimization of temperature by using different temperature degrees.
Table (4.10): Temperature optimization of the B. mycoides isolate
Temperature Spectrophotometer absorbance O.D 660
Trial 1 Trial 2 Trial 3 Average
25oC 1.281 1.286 1.276 1.281
30oC 1.509 1.493 1.498 1.5
35oC 1.781 1.815 1.793 1.79
40oC 0.864 0.743 0.724 0.777
4.6.2 Optimum pH
Optimum growth of B. mycoides was at pH 7. Table 4.11 showed the optimization of
pH by using different pH values.
Table (4.11): Optimizing pH of B. mycoides isolate
pH degree Spectrophotometer absorbance O.D 660
Trial 1 Trial 2 Trial 3 Average
6 1.431 1.488 1.455 1.458
6.5 1.554 1.512 1.54 1.53
7 1.731 1.698 1.719 1.716
7.5 1.63 1.65 1.67 1.65
8 1.517 1.5 1.48 1.49
8.5 1.375 1.34 1.31 1.34
9 1.29 1.31 1.31 1.308
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4.6.3 Culture media
Table 4.12 summarizes the bacterial growth levels in different standard and cheap
formulation media and showed that the best growth of the bacteria was yeast extract
(YE). The cheap formulation "rabbit feed" was superior to nutrient broth which is a
well-known favorable media used to grow bacteria at liquid state.
Table (4.12): Optimization of growth media
Media type Spectrophotometer absorbance O.D 660
Trial 1 Trial 2 Trial 3 Average
YE 1.827 1.833 1.825 1.828
Beef Extract 1.746 1.721 1.734 1.733
BHB 1.708 1.719 1.727 1.718
Malt Extract 1.362 1.369 1.375 1.368
N.B 1.685 1.679 1.681 1.681
CSL 0.853 0.815 0.832 0.833
Rabbit feed 1.719 1.706 1.825 1.707
4.7 Bacterial growth curve
4.7.1 Spectrophotometric growth curve
Growth curve of the B. mycoides strain was done using the partially optimized
conditions Table 4.13 and figure 4.4 the growth curve to B. mycoides isolates which
is considered as the selected isolate of this research project. The maximum OD was
seen between 6 to 10 hours and referred as log phase. Spectrophotometer reading
showed that the cultures reached the stationary after 10 hour. But after 24 hour
bacterial growth was inhibited,
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Table (4.13): Spectrophotometric absorbance to construct
growth curve
Time / Hour Spectrophotometric absorbance
Trial 1 Trial 2 Trial 3 Average
0 hr 0.157 0.151 0.172 0.16
1/2 hr 0.142 0.143 0.159 0.15
1 hr 0.169 0.165 0.182 0.17
2 hr 0.372 0.345 0.419 0.38
3 hr 0.651 0.622 0.683 0.65
4 hr 0.911 1.001 1.074 1.00
6 hr 1.401 1.545 1.523 1.49
8 hr 1.619 1.647 1.691 1.65
9 hr 1.673 1.677 1.702 1.68
10 hr 1.721 1.694 1.712 1.71
11 hr 1.724 1.719 1.722 1.72
12 hr 1.731 1.726 1.732 1.73
25 hr 1.019 0.854 0.941 0.94
26 hr 0.911 0.781 0.851 0.85
27 hr 0.908 0.771 0.848 0.84
28 hr 0.898 0.713 0.782 0.80
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Figure (4.4): Hour by hour of growth curve of B. mycoides isolates
4.7.2 Viable cell counts growth curve
The total viable count was determined from sequential samples taken at different
interval from zero to 28 hour. The results are shown in table 4.14 and figure 4.5.
Table (4.14): Hour by hour colony forming units
Time / Hour Colony forming units (CFUs)
Number of
colonies (NC)
Log ( NC x 107)
0 hr 63 8.799341
1/2 hr 68 8.832509
1 hr 78 8.892095
2 hr 116 9.064458
3 hr 204 9.30963














































6 hr 440 9.643453
8 hr 517 9.713491
9 hr 525 9.720159
10 hr 539 9.731589
11 hr 540 9.732394
12 hr 543 9.7348
25 hr 320 9.50515
26 hr 305 9.4843
27 hr 279 9.445604
28 hr 265 9.423246















































This study was conducted with the aim of isolating locally urease producing bacteria
that could be potentially used in various biocementation processes.  The limited
diversity of the bacterial community in cement is not surprising; because of its
extreme alkaline condition, only organisms capable of growing in these conditions
can survive at this environment. That is why a limited number of isolate was
obtained from freshly cut mortar.
Urea agar base is used for the selection of urease producing microorganisms. When
organisms utilize urea, ammonia is formed during incubation that makes the reaction
of these media alkaline, producing a red-pink color due to the presence of the pH
indicator, phenol red. Based on the qualitative urease productions, 33 isolates were
obtained.
A method to specifically enrich bacteria from most soil within a short cultivation
period (36-48 hours), ideally suitable for biocementation. Selection conditions (high
pH, presence of urea up to 1 M) have enriched for a superior Bacillus type bacteria
that can degrade urea, is highly tolerant to urea and ammonia at high pH and hence
ideally suited the biocementation process. From the enrichment cultures, different
ureolytic bacterial strains were isolated with high urease activity which is required
for biocementation process as was suggested by Whiffin, (2004).
Although the differences in some bacterial behaviors between the isolates were
evident, the most effective isolates were closely related to one another. Similar
finding was shown in a previous study Hammes et al., (2003a) on identification of
ureolytic strains isolated from various environmental locations. This close
relationship between the isolates might be due to the dominance presence of Bacillus
species as was confirmed by Fleske et al., (1998). Stock-Fischer et al., (1999) have
stated that Bacillus species are selected by the isolation and cultivation methods. The
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phenotypic and biochemical properties of the bacteria isolates were resemble those of
Bacillus species reported previously (Stocks-Fischer et al., 1999).
B. mycoides was gram positive with opaque creamy appearance on agar plate, non-
motile, and catalase positive. B. mycoides was unable to hydrolyze starch, but
hydrolyze casein, and lecithin. Citrate was no utilized by B. mycoides. When
subjected to salinity and temperature tests, the selected strain was able to survive 0-
10% NaCl when incubated for 72 hour.
The sand columns prepared with all bacterial isolates to get the most efficient
isolates for sand consolidation, 13 isolates were found to tightly pack sand samples
while the control sand column collapsed immediately after opening the plastic
column. The predominance of calcite precipitation in upper most surface area of the
sand column might be due to higher growth of bacteria in the presence of oxygen
which consequently induces active precipitation of CaCO3 around the surface area
(Achal et al., 2010b). Similar results were reported in sand by Whiffin et al., (2007);
Achal et al., (2010a); Harkes et al., (2010) and Dhamia et al., (2012).
The objective of this experimental study is to highlight the effect of microorganisms
on the strength enhancement in cement sand mortar. Biocalcification or MICP has
been proposed as a novel strategy for strengthening and remediation of several civil
structures. Microbial activity involves the breakdown of urea into ammonia and
carbon dioxide by the enzyme urease, with the resultant precipitation of carbonate
ions as calcium carbonate. Such a novel application illustrates the need to enhance
urease production by various methods using these microorganisms (Vempada et al.,
2011).
The greatest improvement in compressive strength occured with B. mycoides isolate
in phosphate buffer, there was 17.3% improvement in the compressive strength
compared to the control at 28 days. Portland cement mortar cubes prepared in saline
have shown slight decrease in compressive strength in the presence of the cells. The
decrease in compressive strength of the cubes containing saline may be due to the
presence of chloride ions in the solution, which is known to weaken the integrity of
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the cement matrix reported previously by Berke et al., (1988). The compressive
strength of mortar cubes prepared in the phosphate buffer was consistently higher
than the strength of saline-prepared cubes as suggested by Berke et al., (1988).
This improvement in compressive strength is probably due to deposition of CaCO3
on the bacterial cell surfaces and within the pores of cement–sand matrix, which plug
the pores within the mortar as suggested by Ramakrishnan et al., (1998);
Ramachandran et al., (2001); Ghosh et al., (2005); Achal et al., (2009a); Achal et
al., (2009b); Achal et al., (2009c); Achal et al., (2010); Achal et al., (2010a);
Achal et al., (2011) and Vempada et al., (2011).
Ghosh et al., (2005) also showed the improvement of compressive strength of
cement mortar by the addition of Shewanella species. The overall trend of an
increase in compressive strength up to 28 days might be attributed to the behavior of
microbial cells within the cement mortar matrix. During the initial curing period,
microbial cells obtained good nourishment, because the cement mortar was still
porous; but growth might not be proper due to the completely new environment for
microbes. It may also be possible that as the pH of the cement remained high, cells
were in inactive condition and as curing period was increased, it started growing
slowly. Upon cell growth, calcite would have precipitated on the cell surface as well
as within the cement mortar matrix. Once many of the pores in the matrix were
plugged, the flow of the nutrients and oxygen to the bacterial cells stopped,
eventually the cells either died or turned into endospores and acted as an organic
fiber, increasing the compressive strength of the mortar cubes. This explains the
behavior of the increased compressive strength at the age of 28 days in cement
mortar cubes prepared with microbial cells (Achal et al., 2009a and Vempada et al.,
2011). There was a measurable increase in compressive strength of cement mortar
cubes prepared with bacterial isolates supported by previous studies (Bang and
Ramachandran, 2001 and Ramachandran et al., 2001). Thus, it was concluded
that the increase in compressive strengths is mainly due to consolidation of the pores
inside the cement mortar cubes with microbiologically induced calcium carbonate
precipitation.
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Tables 5.1 compare results of compressive strength test between this study and some
previous studies.
Table (5.1): Results of compressive strength obtained in this study and previous
studies
Mortar cubes treated with bacteria and a calcium source showed significantly
decrease of the water uptake compared to control specimens. Maximum reduction in
water absorption was observed with B. mycoides isolate with phosphate buffer gave
32.21%. Similar observations were made by previous reports by De Muynck et al.,
(2008) and Achal et al., (2010). Nemati and Voordouw, (2003) and Whiffin, (2004)
noticed an additional decrease of the permeability of sandstone cores after injecting
CaCO3 forming reactants for a second time.
The deposition of a layer of calcium carbonate on the surface and inside pores of the
mortar specimens resulted in a decrease of water absorption and permeability. It is
clear that the presence of a layer of carbonate crystals on the surface by bacterial
cells has the potential to improve the resistance of cementitious materials towards
degradation process as suggested by Achal et al., (2010); Achal et al., (2011) and
Chahal et al., (2012).
B. mycoides cube showed the highest result compared to control in acid resistant test.
It is known that the pH of the acid rain in the environment is 3.5–5.6. Therefore, the
deposited CaCO3 layer can resist the corrosion of the acid rain to a certain extent.






21 (Achal et al., 2011)
17 (Achal et al., 2009a)
8.7 (Jonkers and Schlangen , 2007)
19.26 (Vempada et al., 2011)
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But common CaCO3 is a kind of inorganic material, which has a low resistance to
acid attack. So a repeated acid corrosion test might be more suitable to evaluate the
acid resistance of the CaCO3 layer as suggested by Chunxiang et al., (2009).
Media optimization by response surface methodology for four standard media (YE,
Beef extract, BHB and NB) and two different cheap formulation media (Rabbit feed
and CSL) were characterized for maximum mass cell productionIt was clear that the
YE was the best media which used as nitrogen source for maximum mass cell
production as suggested by Whiffin, (2004); Al-Thawedi, (2008) and Henriques,
(2011). By comparing between nutrient broth which considered as one of the most
common culture media and rabbit feed as cheap media formulation, it was shown
than the rabbit feed cheap formulation was the favorable cheap media compared to
expensive slandered media, which was not suggested by authors.
Optimum temperature required for growth of B. mycoides was 350C. Growth curve
for B. mycoides isolate was constructed by plotting the OD660nm on the Y axis and
incubation time on the X axis.  The maximum OD was seen between 6 to 10 hours
and referred as log phase. Spectrophotometer reading showed that the cultures
reached the stationary after 10 hour. But after 24 hour bacterial growth was inhibited,
due to the depletion of media components and may be due to release of secondary
metabolites. From this result we can say that B. mycoides need less time to reach
stationary phase compared to other bacillus species, consequently it can be said that
the isolates may be used in cementation process with short time compared to other





This study is the first in Palestine to isolate and characterize urease producing
bacteria from urea rich soil and perform some applications in construction fields.
From the result of this study, the following conclusions were drawn:
1. Our study showed that 33 strain of urease producing bacteria were isolated
from sixteen soil samples, all isolates were characterized biochemically and
identified by using ABIS online software.
2. Thirteen isolates were shown strength and consolidation of sand samples
compared to control, the thirteen isolate also used to precede a compressive
strength and water absorption test to get the best isolate for biocementation
process.
3. B. mycoides isolate showed the highest results in sand consolidation,
compressive strength and water absorption test.
4. The highest value of compressive strength test was 39.2 MPa and the highest
reduction of water absorption was 32.2% by using phosphate buffer.
5. The result of this study confirmed the result of the previous studies that the
phosphate buffers was preferable over the use of saline buffer in construction
materials.
6. The optimum pH and temperature values for good growth of B. mycoides
were found to be about 7.0 and 35oC respectively.
7. Rabbit feed "a low cost media" gave a good growth of B. mycoides.
8. Finally growth curve was constructed using absorbance and viable cell count
for the B. mycoides isolate. The maximum OD was seen between 6 to 10
hours and referred as log phase. Spectrophotometer reading showed that the
cultures reached the stationary after 10 hour.
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6.2 Recommendations
 It is recommended to use molecular identification of bacterial isolates to
accurately characterize them.
 We recommend that other researchers could investigate other possible
applications of B. mycoides isolate in civil engineering application.
 We recommended that the urease producing bacteria are used to produce
urease enzyme that is clinically useful.
 We strongly recommended to use the commercially available rabbit feed as
cheap protein source which may be used as an alternative culture media for
the commercial production of B. mycoides .
 It is recommended to make available the permeability test at the IUG
laboratories.
 As a result of this work we recommend that further investigation to use B.
mycoides as healing agent of crack fissure in building structure.
 Biocementation process could be used in soil improvement against landslide,
soil erosion and reduce the liquefaction resulting for earthquakes.
 It is recommends to use computerize bioreactor as new easy technique to get
the optimum condition of different microbes in other research.
 Large scale studies might be carried out in the future to use bacteria
inoculation in commercial scales.
 It is recommend to use other strain which were isolated in this work to use
them in other application depening on their specific characteristics.




Abdelouas, A., Lu, Y., Lutze, W and Nuttall, H (1998). Reduction of U(VI) to U(IV) by indigenous
bacteria in contaminated ground water. Journal of Contaminant Hydrology 35(1-3): 217-233.
Achal, V., Mukherjee, A and Basu, P (2009a). Lactose mother liquor as an alternative nutrient
source for microbial concrete production by Sporosarcina pasteurii. Journal of Industrial
Microbiology & Biotechnology 36(3): 433–438.
Achal, V., Mukherjee, A and Reddy, M (2010). Microbial concrete: A way to enhance durability of
building structures. Second International Conference on Sustainable Construction Materials and
Technologies, Università Politecnica delle Marche, Ancona, Italy.
Achal, V., Mukherjee, A and Reddy, M.S (2010a). Biocalcification by Sporosarcina pasteurii using
Corn steep liquor as nutrient source. Industrial Biotechnology.6(3): 170-174.
Achal, V., Mukherjee, A and Reddy, M.S (2010b). Effect of calcifying bacteria on permeation
properties of concrete structures. Journal of Industrial Microbiology & Biotechnology 38(9): 1229-
1234.
Achal, V., Mukherjee, A and Reddy, S (2010c). Characterization of two urease-producing and
calcifying Bacillus spp. isolated from cement. J. Microbiol. Biotechnol 20(11): 1571–1576.
Achal, V., Mukherjee, A., Basu, P and Reddy, M (2009b). Strain improvement of Sporosarcina
pasteurii for enhanced urease and calcite production. Journal of Industrial Microbiology and
Biotechnology 36(7): 981-988.
Achal, V., Pan, X and Özyurt, N (2011). Improved strength and durability of fly ash-amended
concrete by microbial calcite precipitation. Ecological Engineering 37(4): 554–559.
Achal, V., Siddique, R., Reddy, M and Mukherjee, A (2009c). Improvement in the compressive
strength of cement mortar by the use of a microorganism – Bacillus megaterium. Excellence in
Concrete Construction through Innovation – Limbachiya & Kew (eds).
Al-Thawadi, S (2008). High strength in-situ biocementation of soil by calcite precipitating locally
isolated ureolytic bacteria [Ph.D. thesis]. Perth, Western Australia, Mudroch University. 264p.
65
Al-Thawadi, S (2011).Ureolytic bacteria and calcium carbonate formation as a mechanism of
Strength enhancement of sand. Journal of Advanced Science and Engineering Research 1(1): 98-114.
Annamalai, S., Arunachalam, K and Sathyanarayanan, K (2012). Production and
characterization of Bio Caulk by Bacillus pasteurii and its remediation properties with carbon nano
tubes on concrete  fractures and fissures. Materials Research Bulletin 47(11): 3362–3368.
Ariyanti, D., Handayani, N and Hadiyanto (2012). Feasibility of using Microalgae for biocement
production through biocementation. Journal of Bioprocess Biotechniq 2(111): 1-4.
Atmaca, S., Elci, S and Gul, K (1996). Comparison of slime production under aerobic and
anaerobic conditions. Cytobios 88(354): 149-152.
Bachmeier, K., Williams, A., Warmington, J and Bang, S (2002). Urease activity in
microbiologically-induced calcite precipitation.  Journal of Biotechnology 93(2): 171-181.
Bang, S and Ramakrishnan, V (2001). Microbiologically-Enhanced crack remediation (MECR).
Proceedings of the International Symposium on Industrial Application of Microbial Genomes, pp. 3-
13, Daegu, Korea.
Bang, S., Galinat, J and Ramakrishnan, V (2001). Calcite precipitation induced by polyurethane-
immobilized Bacillus pasteurii. Enzyme and Microbial Technology 28(4-5): 404–409.
Barabesi, C., Galizzi, A., Mastromei, G., Rossi, M., Tamburini, E., and Perito, B (2007). Bacillus
subtilis gene cluster iInvolved in calcium carbonate biomineralization. Journal of Bacteriology
189(1): 228-235.
Beccari, M and Ramadori, R (1996). Filamentous activated sludge bulking. In: Horan N (ed)
Environmental waste management: a European perspective. John Wiley & Sons, New York, pp 87–
114.
Benini, S., Rypniewski, W., Wilson, K., Miletti, S., Ciurli, S and Mangani, S (1999). A new
proposal for urease mechanism based on the crystal structures of the native and inhibited enzyme
from Bacillus pasteurii: why urea hydrolysis costs two nickels. European Molecular Biology
Laboratory, Hamburg, Germany 7(2): 205-16.
Berke, N., Pfeifer, D and Weil, T (1988). Protection against chloride-induced corrosion. Concrete
international journal 10(12); 54-55.
66
Bryant, R  (1987).  Potential uses of microorganisms in petroleum recovery technology. Proceeding
of the Oklahoma Academy of science 67:  97-104.
Buffle, J and van Leeuwen, H (2002). Interactions between soil particles and microorganisms. In
Riding, Huang, P., Bollag, J., Senesi, N (Vol eds) IUPAC series on analytical and physical chemistry
of environmental systems, vol 8. John Wiley & Sons, Chichester, UK.
Castanier, S., Le Metayer-Levrel, G and Perthuisot, J (2000). Bacterial roles in the precipitation
of carbonate mineralsIn Riding, R., and Awramik, S (Ed.), Microbial Sediments. Heidelberg:
Springer-Verlag., 32-39.
Castanier, S., Le Metayer-Levrel, G and Perthuisot, JP (1999). Cacarbonates precipitation and
limestone genesis-the microbiogeologist point of view. Sedimentary Geology 126(1-4): 9–23.
Chahal, N., Rajor, A and Siddique, R (2011). Calcium carbonate precipitation by different
bacterial strains. African Journal of Biotechnology 10(42): 8359-8372.
Chahal, N., Siddique, R and Rajor, A (2012). Influence of bacteria on the compressive strength,
water absorption and rapid chloride permeability of fly ash concrete. Construction and Building
Materials 28(1): 351–356.
Cheng, L and Cord-Ruwisch, R (2012). In situ soil cementation with ureolytic bacteria by surface
percolation. Ecological Engineering 42: 64-72.
Chunxiang, Q., Jianyun, W., Ruixing, W and Liang, C (2009). Corrosion protection of cement-
based building materials by surface deposition of CaCO3 by Bacillus pasteurii. Materials Science and
Engineering: c 29(4): 1273–1280.
Collins, C and D'Orazio, S (1993). Bacterial ureases: structure, regulation of expression and role in
pathogenesis. Molecular Microbiology 9(5): 907- 913.
Costin, S and Ionut, S (2007-2013). ABIS online - bacterial identification software,
http://www.tgw1916.net/bacteria_logare.html, database version: Bacillus 022013-2.10, accessed on
February 2013.
De Belie, N and De Muynck, W (2009). Crack repair in concrete using biodeposition. Magnel
Laboratory for Concrete Research, Department of Structural Engineering, Ghent University, Ghent,
Belgium.
67
De Jong, J., Mortensen, B., Martinez, B and Nelson, D (2010). Bio-mediated soil improvement.
Ecological Engineering 36(2): 197-210.
De Muynck, W., Debrouwer, D., Belie N and Verstraete W (2008). Bacterial carbonate
precipitation improves the durability of cementitious materials. Cement and Concrete Research 38(7):
1005–1014.
De Muynck, W., Debrouwer, D., DeBelie, N and Verstraete, W (2010a). Microbial carbonate
precipitation in construction materials: A review. Ecological Engineering 36 (2): 118–136.
De Muynck, W., Verbeken, K., De Belie N and Verstraete, W (2010b). Influence of urea and
calcium dosage on the effectiveness of bacterially induced carbonate precipitation on limestone.
Ecological Engineering 36 (2): 99–111.
Dhami, N., Reddy, M and Mukherjee, A (2012). Improvement in strength properties of ash bricks
by bacterial calcite. Ecological  Engineering 39: 31-35.
Douglas, S and Beveridge, T (1998). Mineral formation by bacteria in natural microbial
communities. FEMS Microbiology Ecology 26(2): 79–88.
Dworkin, M., Falkow, S., Rosenberg, E., Schleifer. K and  Stackebrandt, E (2006). The
prokaryotes: a handbook on the biology of bacteria, vol 3: Archaea. Bacteria: Firmicutes,
Actinomycetes. 3rd Edition. Springer-Verlag, New York.
Ehrlich, H (1998). Geomicrobiology: Its significance for geology. Earth- Science Reviews 45(1-2):
45-60.
Ferris, F., Fratton, C., Gerits, J., Schultze-Lam, S and Sherwood Lollar, B (1995). Microbial
precipitation of a strontium - calcite phase at a groundwater seep near Rock Creek, British Columbia,
Canada. Geomicrobiology Journal 13(1): 57–67.
Fleske, A., Akkermans, A and De Vos, W (1998). In situ detection of an uncultured predominant
Bacillus in Dutch grassland soils. Applied and Environmental Microbiology 64: 4588-4590.
Follmer, C., Real-Guerra, R., Wasserman, G., Olivera-Severo, D and Carlini, C (2004).
Jackbean, soybean and Bacillus pasteurii ureases. European Journal of Biochemistry 271(7): 1357-
1363.
68
Fredrickson, J and Gorby Y (1996). Environmental processes mediated by iron-reducing bacteria.
Current Opinion in Biotechnology 7(3): 287–294.
Fujita, Y., Ferris, F., Lawson, R., Colwell, F and Smith, R (2000). Subscribed content calcium
carbonate precipitation by ureolytic subsurface bacteria. Geomicrobiology Journal 17(4): 305 -318.
Garrity, G (2001). Bergey's manual of systematic bacteriology; The archaea and the deeply
branching and phototrophic bacteria, vol 1. 2nd Edition, Springer-Verlag, New York.
Garrity, G., Brenner, D., Krieg, N and Staley, J (2005 ). Bergey’s manual of systematic
bacteriology: The proteobacteria, vol 2. 2nd Edition Springer-Verlag, New York.
Gauckler, L.J., Graule, Th and Baader, F (1999). Ceramic forming using enzyme catalyzed
reactions. Materials Chemistry and Physics 61(1): 78-102.
Gavimath, C.,  Mali, B., Hooli, V., Mallpur, J., Patil, A., Gaddi, D., Ternikar, C and
Ravishankera, B (2012). Potential application of bacteria to improve the strength of cement
concrete. International Journal of Advanced Biotechnology and Research 3(1): 541-544.
George, A (2005). Isolation, Screening and Selection Of Efficient Chlorpyriphos Degrading
Microorganisms [master thesis]. Dharwad, University of Agricultural Sciences. 58p.
Ghosh, P and Mandal, S (2006). Development of bioconcrete material using an enrichment culture
of novel thermophilic anaerobic bacteria. Indian Journal of Experimental Biology 44(4): 336-339.
Ghosh, P., Mandal, S., Chattopadhyay, B and Pal, S (2005). Use of microorganism to improve the
strength of cement mortar. Cement and Concrete Research, 35(10): 1980-1983.
Gollapudi, K., Knutson, L., Bang, S and Islam, R (1995). A new method for controlling leaching
through permeable channels. Chemosphere 30(3): 695-705.
Gonsalves, G (2011). Bioconcrete- A sustainable substitute for concrete. [Masters’ thesis].
Polytechnic University of Catalonia (UPC). 35p.
Hammes, F (2003). Ureolutic microbial calcium carbonate precipitation [Ph.D. thesis]. Ghent
university, Belgium. 195p.
Hammes, F and Verstraete, W (2002). Key roles of pH and calcium metabolism in microbial
carbonate precipitation. Reviews in Environmental Science and Biotechnology 1(1): 3–7.
69
Hammes, F., Boon, N., Clement, G., de Villiers, J., Siciliano, S and Verstraete, W (2003a).
Strain-specific ureolytic microbial calcium carbonate precipitation. Applied and Environmental
Microbiology 69(8): 4901-4909.
Hammes, F., Seka, A., de Knijf, S and Verstraete, W (2003b). A novel approach to calcium
removal from calcium-rich industrial wastewater. Water Research 37(3): 699-704.
Harkes, M., Van Paassen, L., Booster, J., Whiffin, V and Van Loosdrecht, M (2010). Fixation
and distribution of bacterial activity in sand to induce carbonate precipitation for ground
reinforcement. Ecological Engineering 36: 112–117.
Henriques, R (2011). Estudio relativo al hormigón bacteriano: Fabricación y potenciales campos de
aplicación [Masters’ thesis]. Universitat Politècnica de Catalunya (UPC).  83p.
Ivanov V and Tay, S (2006). Microorganisms of aerobic microbial granules. In: Tay JH, Tay STL,
Liu Y, Show KY, Ivanov V (eds) Biogranulation technologies for wastewater treatment. Elsevier,
Amsterdam, pp 135–162.
Ivanov, V and Chu, J (2008). Applications of microorganisms to geotechnical engineering for
bioclogging and biocementation of soil in situ. Reviews in Environmental Science and Biotechnology
7(2): 139-153.
Ivanov, V., Stabnikov, V., Zhuang, W., Tay, S and Tay, J (2005). Phosphate removal from return
liquor of municipal wastewater treatment plant using iron-reducing bacteria. Journal of Applied
Microbiology 98(5): 1152–1161.
Ivanov, V., Wang, J., Stabnikova, O., Krasinko, V., Stabnikov, V., Tay, S and Tay, J (2004).
Iron-mediated removal of ammonia from strong nitrogenous wastewater of food processing. Water
Science and Technology 49(5-6): 421–431.
Jones, A., Brown, J., Mishra, V., Perry, J., Steigerwalt, A and Goodfellow, M (2004).
Rhodococcus gordoniae sp. nov., an actinomycete isolated from clinical material and phenol
contaminated soil. International Journal of Systematic and Evolutionary Microbiology 54(2):407–
411.
Jonkers, H and Schlangen, E (2007). Crack repair by concrete-immobilized bacteria. Delft
University of Technology, Faculty of Civil Engineering and GeoSciences.
70
Karol, R (2003). Chemical grouting and soil stabilization, 3rd edn. M. Dekker, Taylor & Francis
New York.
Kroll, R (1990). Microbiology of Extreme Environments. McGraw-Hill.  New York, p: 55-92
.
Kucharski, E., Winchester, W., Leeming, W., Cord-Ruwisch, R., Muir, C., Banjup, W., Whiffin,
V., Al-Thawadi, S and Mutlaq, J (2005). Microbial biocementation. Patent Application
WO/2006/066326; International Application.
Le Metayer-Levrel, G., Castanier, S., Orial, G., Loubiere, J and Perthuisot, J (1999).
Applications of bacterial carbonatogenesis to the protection and regeneration of limestones in
buildings and historic patrimony. Sedimentary Geology 126(1-4):25-34.
Lee, S and Calhoun, D (1997). Urease from a potentially pathogenic coccoid isolate - purification,
characterization, and comparison to other microbial ureases. Infection & Immunity 65(10): 3991-
3996.
Leonard, J (1986). Annual production report. Increased rate of EOR brightens outlook. Oil Gas
Journal, 71-101.
Lovley, D., Holmes, D and Nevin, K (2004). Dissimilatory Fe(III) and Mn(IV) reduction. Advances
in Microbial Physiology 49: 219–286.
McConnaughey, T and Whelan, J (1997). Calcification generates protons for nutrient and
bicarbonate uptake. Earth-Science Reviews 42(1-2):95-117.
Mobley, H and Hausinger, R (1989). Microbial ureases: significance, regulation, and molecular
charecterisation. Microbiological Reviews 53(1): 85-108.
Mobley, H., Island, M and Hausinger, R (1995). Molecular biology of microbial ureases.
Microbiological reviews 59(3): 451-480.
Mulder, E and Deinema, M (1992). The prokaryotes: a handbook on the biology of bacteria:
ecophysiology, isolation, identification, applications. Springer-Verlag, New York, pp 2613–2624.
Nemati, M and Voordouw, G (2003). Modification of porous media permeability, using calcium
carbonate produced enzymatically in situ, Enzyme and Microbial Technology 33(5) 635–642.
71
Nielsen, T., Bonde, T and Sorensen, J (1998). Significance of microbial urea turnover in N cycling
in three Danish agricultural soils. FEMS Microbiology Ecology 25(2): 147-157.
Okwadha, G and Li, J (2011). Biocontainment of polychlorinated biphenyls (PCBs) on flat concrete
surfaces by microbial carbonate precipitation. Journal of Environmental Management 92(10): 2860-
2864.
Olivera-Severo, D., Wassermann, G and Carlini, C (2006). Bacillus pasteurii urease shares with
plant ureases the ability to induce aggregation of blood platelets. Archives of Biochemistry and
Biophysics, 452(2): 149-155.
Perito, B and Mastromei, G (2011). Molecular basis of bacterial calcium carbonate precipitation.
Progress in molecular and subcellular biology 52: 113-139.
Pettit, N., Smith, A., Freedman, R and Burns, R (1976). Soil urease: activity, stability and kinetic
properties. Soil Biology and Biochemistry 8(6): 479-484.
Provorov, N and Vorobyov, N (2000). Population genetics of Rhizobia: Construction and analysis of
an "infection and release" model. Journal of Theoretical Biology 205(1): 105-119.
Ramachandran, SK., Ramakrishnan, V and Bang, S.S (2001). Remediation of concrete using
microorganisms. American Concrete Institute 98(1):3–9.
Ramakrishnan, V., Bang, SS and Deo KS (1998). A novel technique for repairing cracks in high
performance concrete using bacteria. In: Proceedings of international conference on high
performance high strength concrete. Perth, Australia, pp 597–618.
Ramakrishnan, V., Panchalan, R and Bang, S (2005). Improvement of concrete durability by
bacterial mineral precipitation. South Dakota School of Mines & Technology, Rapid City, USA.
Reid, R., Visscher, P., Decho, A., Stolz, J., Bebout, B., Dupraz, C., Macintyre, I., Paerl, H.,
Pinckney, J., Prufert-Bebout, L., Steppe, T and DesMarais, D (2000). The role of microbes in
accretion, lamination and early lithification of modern marine stromatolites. Nature 406 (31): 989–
992.
Rodriguez-Navarro, C., Rodriguez-Gallego, M., Chekroun, K and Gonzalez-Munoz, M (2003).
Conservation of ornamental stone by Myxococcus xanthus induced carbonate biomineralisation.
Applied and Environmental Microbiology 69(4): 2182-2193.
72
Sadeghi, A., Kissel, D and Cabrera, M (1988). Temperature effects on urea diffusion coefficients
and urease movement in soil. Soil Science Society of America Journal 52(1): 46-49.
Sarda, D., Choonia, H., Sarode, D and Lele, S (2009). Biocalcification by Bacillus pasteurii urease:
a novel application. Journal of Industrial Microbiology and Biotechnology 36(8): 1111-1115.
Seviour, R and Blackall, L (2007). The microbiology of activated sludge. 2nd Edition, IWA
Publishing.
Siddique, R and Chahal, N (2011). Effect of ureolytic bacteria on concrete properties. Construction
and Building Materials 25(10): 3791-3801.
Singh, U and Kapoor, K (2010). Microbial Biotechnology. Oxford Book Company, P:1
Sissons, C., Perinpanaygan, E and Hancock, E (1992). Process involved in the regulation of urease
levels in Streptococcus salivarius by pH. Oral Microbiology and Immunology 7(3): 159-164.
Sloan, J and Anderson, W (1995). Calcium chloride and ammonium thiosulfate as ammonia
volatilization inhibitors for urea fertilizers. Communications in Soil Science and Plant Analysis
26(15-16): 2425-2447.
Stabnikov, V and Ivanov, V (2006). The effect of iron hydroxide concentrations on the anaerobic
fermentation of sulfatecontaining model wastewater. Applied Biochemistry and Microbiology 42(3):
284-288.
Stabnikov, V., Naeimi, M., Ivanov, V and Chu, J (2011). Formation of water-impermeable crust on
sand surface using biocement. Cement and Concrete Research, 41(11): 1143-1149.
Steubing, P (1993). Isolation of an Unknown Bacterium from Soil. Proceedings of the 14th
Workshop/Conference of the Association for Biology Laboratory Education (ABLE), p 240.
Stocks-Fischer, S., Galinat, J and Bang, S (1999). Microbiological precipitation of CaCO3. Soil
Biology and Biochemistry 31(11): 1563-1571.
Tiano, P., Biagiotti, L and Mastromei, G (1999). Bacterial bio-mediated calcite precipitation for
monumental stones conservation: Methods of evaluation. Journal of Microbiological Methods 36(1-
2): 139-145.
Van Paassen, L (2009). Biogrout- Ground improvement by microbially induced carbonate
precipitation [Ph.D. thesis]. Delft, The Netherlands, Delft University of Technology. 195p.
73
Vempada S., Reddy, S.S., Rao, M.V and Sasikala C (2011). Strength enhancement of cement
mortar using microorganisms-an experimental study. International Journal of Earth Sciences and
Engineering 4(6): 933-936.
Warren, L and Haack, E (2001). Biochemical controls on metal behavior in freshwater
environments. Earth-Science Reviews 54(4):  261-320.
Weber, K., Achenbach, L and Coates, J (2006). Microorganisms pumping iron: anaerobic
microbial iron oxidation and reduction. Nature Reviews Microbiology 4: 752–764.
Whiffin, V  (2004). Microbial CaCO3 precipitation for the production of biocement [Ph.D. thesis].
Perth, Western Australia, Mudroch University. 154p.
Whiffin, V., van Paassen, L and Harkes, M (2007). Microbial carbonate precipitation as a soil
improvement technique. Geomicrobiology Journal 24(5): 417-423.
Wingender, J., Neu, T and Flemming, H (1999). Microbial extracellular polymeric substances:
characterization, structure and function. Springer-Verlag, Berlin and Heidelberg.
Wipat, A., Carter, N., Brignell, S.C., Guy, B.J., Piper, K., Sanders, J., Emmerson, P and
Harwood, C.R (1996). The dnaB-pheA (256 Degrees-240 Degrees) Region of the Bacillus subtilis
chromosome containing genes responsible for stress responses, the utilization of plant cell walls and
primary metabolism. Microbiology 142(11): 3067-3078.
Wu, J., Stahl, P and Zhang, R (1997). Experimental study on the reduction of soil hydraulic
conductivity by enhanced biomass growth. Soil Science 162: 741–748.
